3 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



EUROPEAN PATENT APPLICATION 



0 450 571 A2 



<ij) Application number: 91105139.4 
@ Date of filing: 02.04.91 



!.=-. H01J 47/02 



g) Priority 01.04.90 IL 93969 

© Date of pLbiicaticn of applicaticn: 
09.10.91 Bulletin 91/41 

@ Designated Contract : ng States: 

BE CH DE DK ES FR GB IT LI LU NL SE 



Acolicant: YEDA RESEARCH AND 
DEVELOPMENT COMPANY, LTD. 
Kiryat Weizman P.O. Box 95 
Rehovot 75100(IL) 

'nventcr: Breskin, Amos 
3 Taran Street 
Ftehovot(lL) 

inventor: Chechik, Rachel 

?doshav 

Bet Hanan(!L) 

nventcr: Majewski. Stanislaw 
129 Winders Lane 
Grafton, VA 23692(US) 



Representative: Kuhnen, Wacker & Partner 
Schneggstrasse 3-5 Postfach 1553 
W-8050 Freising(DE) 



Ultrafast x-ray imaging detector. 

© An X-ray detector including a photc-cancde arranged to receive X-ray radiation and ceing operative :c 
provide in response thereto an cutout of electrons, ana at least one electron multiplier operative at sub-at- 
mospheric pressure and in response to the output j' electrons from the ohctocathode ic provice an avalanche 
ircluding an increased number of electrons. 
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; 1ACKSF.CJMC CF THE INVENTION 

various types cf X-ray detectors are krcwn. mending /aneties of gas-"H!ec maging detectors wnich are 
cased on tne conversion of X-ray photons o the gas /c ume *o electrons and on the proportional 
amciiticaticn of the 'eieasea pnotoe.ectrors n /ancus .vre etectmae assemciies. Such detectors are 
nescnceo by J.E. Bateman in "Detectors r'cr Condenses Marter- Studies' 1 , Nuclear Instruments and 
Methccs, A273 (1988) 721-730. Bateman also essences etner X-ray pnoxn detectors such as various solid 
scintillators and semiconductor devices. 

There are also known gas scintillation detectors or 'various tyces as described by M.R. Sims, A. 
Peacock and B.G. Taylor, "The Gas Scintillation Pmpencnai Counter". Nucear Instruments ard Methcds, 
*5 221 .1934) 138-174. Various X-ray photon detectors are aisc describee in J.'//. Arndt, J. Aopf. C.'yst. 19 
•:l 986 - 145. 

Gas-*'ii'ed detectors are by *ar the mcst orf ; c:ont arc -'exibio X- r ay detectors. They offer hign 
localization resolution anc good linearity, mcderare-tc-n.gn counting rate capaci ity, and a iarge variety of 
geometries over [arge active areas. However, gaseous (gas filled) detectors nave the following disadvar- 
21 tages: 

T The X-ray to electron conversion in the gas causes a gecrretrca! carallsx error z or ohotcns : mpinging 
at an angular incidence. 

2. The localization accuracy is 'im.ted, due to tne 'eiativeiy arge range c; pr.ctceiectrcn mot:cn in the 
gas. 

25 3. Soace charge effects limit the counting rate. 

The gas multiplication orccess in prcpcrtona: detectors arte the :ght production in gas scintillation 
detectors are relatively siow processes wrrch limit the time resolution to between tens of nanoseconds 
and tens of microseconds. 

5. A gas medium is not an efficient converter of eoergeic enotens : n the energy range of above about 10 
j 'j KeV, even for high - Z Xenon gas. 

Detectors havirg a relatively rapid response oar ace or ^derating at nigr X-ray flux: are imccrtant in 
applications 3ucn as X-ray diffraction analysis In synchrotron radiation aooeerators ana X-ray radiography 
jvith ntense X-ray generators. Fast detectors are aisc imocrtant -vner time correlated information is neeced. 
as in the study of dynamic processes, as descrioec In A. P.. -aruqi, Nuclear inotrumor.to and Methods, A273 
35 (1S83) 754. 

Efficiency of X-ray detectors is exceedingly imccrtant. since any increase ;n efficiency enables X-ray 
dosages applied to suojects in therapeutic and diagnostic acpiioations to oe correspondingly reduced. 

A state of the art X-ray detector for medical applications is described In Baru. S. E. et a!. ''Muitiwire 
proportional chamber for a digital radiographic installation*', Nuclear instruments and Methods in Physics 
40 Research A283 0989), op. 431 -435, the disclosure of which is ;rcorpcrated nerein by reference. 

An X-ray detector 'or high flux operation s described in "A Novel Uridimensicnal Position Sensitive 
Muitiwire Detector" by I. Dcrion ana M. Rusce/, IEEE T-a.n tactions on Nuclear Science, Vol N3-34. No. 
February 1987, pp. 4^2 - 448. 

The Inventors have pub.isned papers on imaging of orctco;cct:cns ue:pg ava.anche chambers irciucirg 
-5 the fcllcwing: 

"high. Accuracy imaging of Single Phctceiectrons oy Low-Pressure Muitistec Avalanone Chamoer 
Coupled to a Solic Phctccatncde" by A. Breskin and R. Cheer. k. Nuciear instruments and Meinccs in 
Physics Research 227,(1984) 24-28. 

A. B'eskin et al., "On the lew pressure operation c* muitistec ava.ancne chambers'' Nuc!. Instrum. 
oj Methods. 220 349 (1984). 

A Ereski.o and R. Checnik, "Detection of single electrons and cw Icnlzat on ,vlt~ ow-cessure muitistec 
or^mu-ro" iEEE Trans. Nuc!. Sou NS-32. 5C4 .1385':. 

R. Checnik and A. Breskin. "On the proper: as of low- pressure. TMAE-hTed LiV-p-oton detectors" Nuc!. 
instrum,. Methods A264, 237 (1985). 
55 A. Bresktn et al., "A highly efficient iow-oressioe UV-R.CH detector ,vith :cticai avalanche 'ocorai^g" 

Nuc!. Instrum. Methcds. A273 (1988) ~98. 

P. Fischer et a!.. "Pad reacout for gas detectors using 1 2t-ohanne Integrated preamplifiers" IEEE 
Trans. Nuc. Sci. NS-35. (1988) 432. 
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A. Breskin et ai., "'n beam conformance of a lew-pressure UV-RICM detectc" E--u • <ans Nuci. Sci.. 
NS-35 , {1988) ^04. 

A. Broskin ot ai.. 'Primary .omzaticn jester counting v/ith low-crcssuro mu it; stop .jotoctcro , \ IEEE 
Trans. Nucl. 3c:.. NS-36 -.1939) 316. 

S Majewski 3: as., "Lew-press \:ro Ultraviolet Pnctcn Cetectcr with TMAE Gas Phnrn.oatbnne-'' Muc:. 
Instrum. Methods, A264 r 988) 235. 

V. Dangenricrf et ai.. ''An X-ray imaging Scintillation Detector With Cs-1 Wire Chamoer UV-Phcton 
Readout", WIS preprint 39-31 December-PH. Prccoedr.gs of the SPIE Conference on instrumentation in 
Astronomy, Tucson. Fee.. 1990. 
io The disclosures of these publications and of me references citea therein are incorporated oerein by 

reference. 

SUMMARY CF THE INVENTION 

<5 The present invention seeks :o provide an improved X-ray detector, wnich :s characterized by high 

detection efficiency and speed, :he capability to operate at high X-ray luxes and to provide high two 

dimensional imaging accuracy. 

There is thus provided in accordance with a preferred embodiment of the present invention an X-ray 

detector including a photocathode arrangec to receive X-ray radiation and being operative to provide in 
2C response thereto an output of electrons, and at ieast one electron multiplier operative at subatmospheric 

pressure and in response to the output of electrons from the photocathode to provide an avalanche 

including an increased number of elemrcns. 

According to another preferred embodiment of the invention the electron multiplier is operative at any 

suitable (not necessarily subatmcspneric) pressure ana the electron multiplier may be a multistage electron 
25 multiplier. 

- Preferably, there is also provided an electrcce and a readout system for detecting the electrons 
produced by the electron multiplier, or alternatively, an optical recording system which records photons 
produced during the electron multiplication process. 

In accordance with one embodiment of the invention, the photodetecter includes one or mere 
io photocathode foils, which may be f crmed of Csl, Cul. Au, Ta etc. According to an alternative embodiment of 
the invention, the phctcdetector may nciude a porous or amorphous material such as Csl having typically 
1% - 3% of the bulk density. 

!n accordance with one embodiment of the invention, the electron multiplier includes a large area, 
preferably relatively low-pressure multistage chamber, with various electrode geometries anc readout 
35 methods. Alternatively, the chamber may be at any suitable pressure. 

Further in accordance with a creferred embodiment of the present invention, the X-ray cetectcr includes 
at ieast one detecting means rcr detecting an indicator! of at 'east one characteristic of the electron 
avalanche produced cy the electron multiplier. 

In accordance with an alternative preferred embocirnent of the present invention, the at east one 
jo electron multiplier includes at least one detecting means for detecting an indication of at least one 
characteristic of the electron avalanche produced by the electron multiplier. 

Further in accordance with a preferred embodiment of the present invention, the X-ray detector also 
includes a large area chamber and at least the photocathode and the at : east one electron multiplier are 
"ecated interiorly of the chamber. Still ~urther in accordance with a preferred embodiment cf the oresent 
^5 invention, a non-aging high gain-provicing gas is provided interiorly cf the chamber. 

Additionally in accordance with a preferred embodiment cf the present invention, the electron multiplier 
cefines at least one amplification stage and at 'east one transfer stage. 

Further in accordance v/ith a creferred embodiment of the present invention the at least one 
amplification stage includes at least two amplification stages. 
*c Still further in accordance with a proferroc embodiment of the present invention, at ieast one of the at 

least one transfer stages is defined befcre the at ieast cne amplification stage. 

Additionally in accordance with a creferred embedment cf the oresent lo/onocn, the at eas* one 
transfer stage includes a plurality of transfer stages. 

Still further in accordance with a creferred embodimen- of the present invention. chirr-vrr/ of transfer 
5c stages includes at ieast three transfer stages. 

Additionally in accordance with a preferred embocirnent or the oresent rvention. at least one or the at 
least one transfer sta;oo io defined after the amplication stage. 

Still further in accordance with a creferrec embodiment of the present invention, the olerycn multiplier 
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oo^cctoc; ore of a: .east two oelcctac^o voit-ag*; a-, e.c 

Further :n accordance rYith a preferred; rircecimen: c: the present Invention, the a: 'east ;ne :ate 
eiectroce includes at eas: twe gate eiectroces. 
5 3 til! further In accordance with :i preferred emcodimer,: of the present Invention, the eiectrcn multiplier 

also defines a pre-ampiificaiion stage oefcre the amplification stage. 

Additionally in accordance with a oreferred embodiment of the present invention, at 'east one of the a: 
'east one -ransfer stages is detired oefcre re creamclificaticn stage anc the at least one amplification 
stage. 

;o Further in accordance with a preferred embodiment of the cresent invention, the detecting means 

includes eiectrcn detection means ~cr detecting 'he elections produced by *he electmn avalancne. 

Still further in accordance with a preferred embodiment of the present invention, the electron detection 
means includes a plurality cf oad electrode assemciies for collecting the electrons prcauced by the eiectrcn 
multiplier. 

75 Additionally in accordance with a preferrea embodiment cf the present Invention, each o* me pad 

electrode assemblies includes a pac electrode, an Insulative ayer and a resistive layer. 

Stiil further in accordance with a preferred embodiment cf the present invention, the electron detection 
means Includes at least one stno electrode array, the strip eiectrode array including a first plurality of 
mutually parallel strip electrodes, generally par.ar insulating means, defining a plane generally para.lei to 

20 the first plurality of mutually para,!ei strio electrodes and a secend plurality of mutually parallel strip- 
electrodes, arranged generally paralei *o the piane and generally perpendicular to the first plurality o* strip 
electrodes. 

Further in accordance wth a oreferred emcodiment of the present invention, the detecting means 
includes photon detection means *cr detecting pnetons emitted during the electron avalanche. 
05 _ Still f urther in accordance with a preferred emocdiment of the present invention, the ohctccathode s 
generally planar and ; s configured ana arranged to receive X-ray radiation impinging cn coin sides therecf. 

Additionally in accordance with a preferred embodiment of the present invention, the at least one 
eiectrcn multiplier includes two eiec*rcn multipliers. 

Further in accordance with a oreferred embodiment of the present invention, the at least one detecting 
50 means includes two detecting means. 

Still further in accordance *iih a preferred emcodiment of the present Invention , the at least one 
electron multiplier : ncludes two electron muitip iers disposed respectively cn the two sides of the planar 
photocathode. 

Additionally in accordance with a preferred embodiment of the present Invention, the at least one 
35 detecting means includes two detection means disposed resoectively on the two sides cf the pianar 
photocathode. 

Further in accordance with a preferred embodiment of the oresent invention, the ohctocathccie includes 
a metal foil. 

Still further in accordance with a preferred embodiment of the present invention, the pnetooathode 
-jo includes an insulative support layer and at least one semiconcuctive layers disposed on respective at least 
one sides of the support layer. 

Additionally in accordance with a preferred embodiment of the present Invention, the p p etc oath oce 
includes an insulative support layer anc at least one conductive layers disposed on respective at 'east :re 
sides of the support layer. 

-5 Further in accordance with a oreferred embodiment of the present invention, the phctccathcde includes 

a conductive support layer and at least ono insulative aye disposed on respective at least ore sides of the 
support layer. 

Still further in accordance with a preferred embodiment cf the present invention, the pnetooathoce 
; ncludes a conductive support layuv and at least one sernicenductive 'ayer disposed on respective at 'east 
50 one sides of the support layer. 

Additionally in accordance- with a preferred embodiment cf the present invention, the pnetooathoce 
ncludes an insulative support layer anc at eas: one ncn.insulative element disposed on -espective at least 
one sides of the support 'ayer. each ncninsulative element including a semiconductive layer and a 
conductive layer. 

55 Further in accordance with a preferred embodiment of the present invention, the phctccathcde includes 

an insulative support layer and at 'east one phctccathcde element disposed cn respective at least one sides 
of the support layer, each phctocathcce element including an insulative layer and a conductive layer. 

Sti'l further in accordance with a preferred embodiment of the present Invention, the pnetooathoce 
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•no uces a conductive cooper iayer arc at 'eas r .ow-oerotrv ".or. - :cncuc::ve -avers disposed on 

-espective at .east one sices of ;he oUDport jyor. 

Additionally in accordance with a preferrec onr.bccimer.t of too o resort Invention, -he cnctccathcde 
.ncuaes a support layer and at :east :re chctocatncce element aisocsee; on respective at least one oides 
:f the succort iayer, each photocathcde element Tducing a metai iayer anc a ncnconductive layer. 

Further in accordance //ith a oreferrec ?mood;mert t:r the present nvention, the chotccathode includes 
a corous material. 

Still 'urther in accordance with a orererred emccciment of the present inventicn, the at :east one 
characteristic Induces at east one of the following characteristics: the number of electrons in tne avalanche, 
the location of the avalanche, and the :ime r occurrence of the avalanche. 

Additionally in accordance with a preferred embodiment of the present invention, the gas is generally 
dgfit-emitting. 

Still further in accordance with a oroforred s-mbociment of :he present invention, the at east one 
detecting means includes at !east one e ectroce ~cr providing the avalanche ana for providing the indication 
of the at east one characteristic of the electron avaianche. 

Further in accordance with a preferred embodiment of the present invention, the at least one electrode 
includes a plurality of conductive elements. 

Still further in accordance with a orererred embedment of the present invention, the plurality of 
conductive elements includes a plurality or wires. 

Further in accordance with a preferred embodiment 2i the present invention, there is provided an X-ray 
cetectcr assembly including a gas filled enclosure and a piuraiity of X-ray detectors located interiorly of the 
gas filled enclosure, each individual one or tne plurality cf X-'ay oetectors preferably being constructed and 
operative as above. 

In accorcance with a further preferred embedment jt the present invention there is provided an X-ray 
detecting method including the steps of providing a chotccathode arranged to receive X-ray radiation and 
being operative to provide in response thereto an output of electrons, and, in response to the output of 
electrons from the photccathode, providing at sub- atmospheric pressure an avalanche deluding an in- 
creased number of electrons. 

Further in accordance with a oreferred em coci orient of the present invention, the method aisc includes 
the step of detecting an indication of at 'east one characteristic of the electron avalanche. 

3RIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be understood and appreciated ''rem the following detailed description, ta.<en 
in conjunction with the drawings in v/hicn: 

Fig. 1A is a schematic illustration of a X-ray photon detector having an electronic readout which is 
constructed and operative in accordance /vhh one preferred embodiment of the present invention; 
Fig. 1B is a schematic illustration of a X-ray photon detector constructed and operative in accordance 
with another preferred embodiment of the present invention; 

Fig. 1C 's a schematic illustration of a X-ray photon detector constructed and operative ; n accordance 
with yet another preferred embociment of the cresent invention; 

Fig. 1D is a schematic illustration of a X-ray photon detector constructed end operative in accordance 
with still another preferred embodiment o: the present invention; 

Fig. IE is a schematic illustration :f a X-ray pnoton detector constructed and operative in accorcance 
with a further preferred embodiment of the orosort invention; 

Fig. 1F is a schematic illustration of a X-ray chotcn detector constructed and operative in accordance 
with yet a further preferred embodiment of "he present invention; 

Fig. 1G is a schematic illustration of a X-ray photon detector constructed and operative in accorcance 
with still a further preferroc embodiment of the cresent inversion; 

F ; a. HI is a schematic illustration of a <-ray chotcn do recto' constructed ond operative ;n accordance 
with an additional preferred emccdimeru of the present invent; :n: 

Fig. 1! is a schematic tlustraticn of a X--oy enctcr. detector constructed end operative in accordance w;th 
ancthar prefered embodiment of the present mv^noor, 

Fin. ?A is a schematic ^lustration of an X-ray pnoton detector :ombmed with an ootical sensor which s 
constructed and operative in accordance with a prefered embociment od the present invention; 
Fig. 23 is a schematic lilustraiicn of an Xeav cr Dton deteotc combined with an optical sensor .vr.icn o 
constructed and operative in accordance .vith anotner preferred emcociment of the present invention; 
Fins. 3A. 3B, 3C anc 3D ore olarar .jstrations of var.cus em sediments of electrodes usefui "n ti e 
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ace arrays Hcs. "A - 2E; 

- ; g. -*A 3 .2 schematic ; lustration cf or. X-ray o~c:cr. r-tectcr .vr.icr. c :ocac;e cf detecting chctcns 
momgmg on octh sices of a planar pnctocathcaa; 

r: g. 4S '3 a schematic illustration or an alternative embedment cf X--ay cnctcn c erector .vnic.n is capable 
j; -'electing photons from both sices of a planar pnciccathcce; 

r : g. 5 ,s a schematic illustration ct an X-ray cnotcn oetectcr asserr.tr/ comprising a plurality of stackec 
X-ray phcton detector modules; 

Figs. 6A - 5G are sectional illustrations of seven a.ternative errcocmnenrs cf chotccathcce assemblies 
jsefui n the present invention; and 

Figs. 7A -7B illustrate results of an experiment demonstrating the -eiative efficiencies cf X -ay detection 
apparatus respectively : nc!uding the phctccathcdes of rigs. 6A and 3C. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Reference is now made to Fig. 1A. which illustrates an X-ray detector constructed and operative in 
accordance .vith a preferred embodiment of the present invention. Tee X-ray detector, indicated generally 
by 'etsrence .numeral 10 comprises a preferably lew-pressure gas ; iliea enclosure 12 including a gas entry 
ccnaui: 13, an X-ray photon entrance window 14, and a gas exit ccnouit 15. 'he circulated gas is typically 
at approximately 20 Terr pressure and at stabilized -com temperature. Alternatively, the aoparatus can 
ocerate at any other suitable pressure. The examples set ^crth heremoelow are directed to subatmospheric 
pressure applications. 

Entrance ,vincow 14 is typically formed of polypropylene or of Mylar cr Kapton foil and is supported on 
a frame 16. The thickness cf the foil may vary as a 'unction of the energy of the impinging X-ray photons. 
For example, for photons of energy 1 0 KeV, a preferred thickness would be 5-10 microns. 

.X-ray photons passing through window 14, as :ncicatea by reference numeral 18, impinge on a 
chctccathode 20. Various embodiments of photocathedes suitable for use : n the apparatus of Fig. 1A, are 
Illustrated in rigs. 6A - 6G and are described in detail hereinbelow. The impingement of the X-ray photens 
on the photocathoce 20 causes the release of electrons frcm the phctccathode at the location of the 
impingement. The released electrons are amplified in a pre-ampiificaticn stage 22 to produce an initial 
avaiancne, as illustrated by reference numeral 24. The electron avaianche is transferred via a transfer gap 
25 to an amplification stage 28, which produces a seccna avaiancne 30. 

The electrons in second avalanche 30 are transferee through a second trarsfer stage 32 and are 
collected by an array 34 of pad electrodes 36. A typica; configuration of array 34 of pad electrodes 36 is 
sr.cv/n n Fig. 3C. The pad electrodes are typica;!/ of square cenrguratien anc of side length 2 - 10 mm. 
Preferably the pad electrodes 36 are separated frcm aciacent pad eiectrcdes by 0.1 - 0.3 mm. The pad 
electrodes are preferably formed of copper formeo over an epoxy iammated printed circuit board. The 
cutout signals cf eiectrcdes 36 are transmitted via conductors 38 to readout electronics 4G, as described in 
P. F ; scher et a!., IEEE Trans. NucJ. Sci. NS-35 (1988i, p. 432 onward, the disclosure of which is 
incorporated herein by reference. The electronic information from detector 10 is preferably computer 
processed to obtain values for integral charge and tor center of gravity, using known metnods and a suitable 
computer such as a Microvax II, commercially available : rcm Digital Equipment Corporation, where it is 
stored and processed for data analysis. 

it is appreciated that the structure downstream of the photccathede 20 is an electron multiplier. 
Typically, the pnotccathode 20 receives a negative voltage yia a conductor 42, which is coupled tc a 
voltage source (not shown) via an insulative connector 44. In sucn a oase, the pre-amplification stage 22 is 
also defined oy a mesh electrode 46, which typica. ly is maintained at a desired vcltage oy means o: a 
cc-rductor 48 coupled tc a voitage source (not shewn) via an insulative connector 50. 

Typical vcitaces and gap separations at these s*ages :c r a typical gas pressure of 20 Terr are as 
fcilov.s: 
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A G E OAF THICKNE SS 'mm VOLTAGE DIFFERENCE (volt) 

pre-aaplifi.:!::- 3.3 3qG 

.irst trsnsi'ir ** ■ 3 e 

amplification 3.3 .3 g 

second transfer 3-5 4 G 0 

A preferred levei of potential for the readout electrodes 36 is 0 voits. ; n sucn a case, -he preferreo 
levels of potertiat rcr 'he obctocathcde 20 and : cr the respective eiectrcces 46, 52, 54, and 36 of each 
stage are: 

-2160 V, -1360 V, -1200 V, -400 V, and 0 V. 

The gas here and in the embodiments of the present invention shown in Pigs. IB- IS may comprise 
any suitacie gas Mitch, at relatively lew pressure, is non-aging anc orovides nigh gain (i.e. high 
ampliation;. Typical gases having these characteristics are: dimethyiether, isobutane. CF ; , CH 4 , C 2 H S , 
methytai. alcohols such as isopropanoi and ethyl aicohel, and mixtures of any of tne above. 

The additional mesh electrodes 52 and 54 each receive an appropriate /citage supply via correspond- 
ing conductors and connectors (net shown). The mesh electrodes are typically formed cf stainless steel 
-vires of 50 micron diameter, defining square openings of 500 micron sice ! ength. A typical configuration of 
mesh electrodes 46, 52 and 54 is illustrated in F-g. 3A. These meshes are commercially available from 
3cpp AG, Bachnancweg 20, CH-3046 Zur:ch, Switzerland. 

Reference is new mace to Fig. 1B, wnich illustrates an alternative embodiment of the invention 
emptying a different type of electron multiplier. The remainder of the apparatus is essentially identical to 
that described hereinabove ;n connection with Fig. anc therefore similar elements thereof are indicated 
by icentical referencs numerals. 

In 'he embooiment of Fig. 1B, an electron multiplier having a ore-amplification stage 60. a transfer stage 
62 and an amplification stage 64 is emoloyed. 

Typical voltages and gap separations at these stages for a gas pressure cf 20 Terr are as follows: 

STAGS GA? THICKNESS (mm) VOLTAGE DIFFERENCE ( volt) 

pre-anjplif ication 3.5 333 

transfer 3.3 3o 

amplification 3.5 g q . 3 

A preferreo level of potential for the readout eiectrcces 36 is 0 7. In such a case, the oreferred levels of 
potential for the photo cathode 20 and for the respective electrodes 65, 52 anc 36 of each stage are: 
-1680 V, -380 V. -300 V, and 0 7. 

According to a c"o*orroa embooiment cf the present invention, one cf the mesh electrodes, oreferabiy 
electrode 52 oetween the transier stage and the amplification stage, receives a sefectabiy changeable 
vc-tage provided by a voltage source (not shown) via a switch 66, such as an HV 1000 Pulsar, commercially 
available from DEI. 2301 Research Blvd., Suite 101, Fort Collins. Colorado, USA. Typically, two voltage 
ievels are provided. This arrangement enab'es mesh electrode 52 A o act as a gate, having defined open and 
closed positions thereof. ccrresDondirg to the two voltage levels, thereoy determining whether the electrons 
from tne ore-amplification stage reach the amplification stage. Another 'unction cf the gate Is to suostantially 
prevent positive ions from drifting hack to the ohctccathode and causing cam ago thereto. Alternatively, the 
gating function may ce eliminated. 

Where gating is employed the typical voltages and gap separa-lcrs at tne; various stages for a gas 
orssece of 20 Terr are as follows: 
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A preferred eve: cf potential for the -eaccut eiectrcaes 36 is 3. !n such a case. :he preferred levels or 
pctentia! for the ohctocathcde 20 ar,a fcr the respective electrodes 55, 52 and 36 cf each stage are: 
^5 gate open: -1680 V. -380 V. -SCO V ; anc C V 

gate closed: -1680 V, -380 V, -900 V, and 0 V. 

It is noted that in the emboc mert cf Fig. 1B, the amplification stage causes the avalanche electrons :c 
be collected directly at the pad e ectroces 26. 

Reference is now mace to Fig. 1C, which illustrates yet another embodiment of X-ray detector 
20 constructed and operative in acccrcarce with a preferred embodiment of the present invention, in this 
embodiment yet another type :f electron multiplier is employed. Here the electrons emitted by the 
photocathode 20 initially pass through a transfer stage 70 and are subsequently amplified in a plurality of 
stages identical to that illustrated in Fig. 1A. 

There is also prcviced over the pac electrodes 36 an insulative layer 72. typically rormec of eooxy 
25 laminate and of thickness 200 microns. Over insulative layer 72, there is provided a resistive layer 74. 
typically formed of graphite, or of a polymer pas:e, commercially avaiiaoie from Minicc/Asrai Chemical of 
America, 50 North Harrison Ave.. Corgres. N.Y., USA. Resistive layer ^4 has a typical resistivity of 10 
MOhm/square. This structure allows operation of the photocathode at zero potential with the pad electrodes 
36 at zero potential as well. 

30 The remainder cf the apoaratus is essentially identical to that described hereinabove in connection with 
F ; g. 1A and therefore, similar elements thereof are indicated by identical reference numerals. 

Typical voltages and gao separations at these stages for a gas pressure of 20 Terr are as :o:'ows: 



35 STAGE GAP THICKNESS (sa! VOLTAGE DIFFERENCE ( volt) 



transfer I 




. 5 


1GG 


p r e - am p I i f ication 




* 5 


300 


transfer 2 




* 5 


80 


am p I i f ication 


3 


• 5 


800 


transfer 3 


3 


. 5 


GG 



A preferred level of potentia, for the photocathode 20 is 0 vets. In such a case, tne preferred 'evels of 
potential for the photocathode 20, fcr tne electrodes 75, 76. 77 and 7S and for the resistive layer T 4. 
respectively, are: 
sc 0 V, 100 V, 900 V, 980 V. 1 730 V, and 2130 V. 

Reference s now made to Fig. ID. which illustrates yet another embodiment of X-ray detector 
constructed and operative in accordance with a preferred embodiment of the present invention. In this 
emccdiment yet another type o ; electron multiplier is employed, raving a ore-amplification stage 80 f'rst 
anc second transfer stages 32 ana 34. an amplification stage 36, and a third transfer stage 33. 
55 Preferably mere is provider: a mesh electrode 52 between the second transfer and the arnolificatien 

stages, which receives seiectabiy ohargeao'e vc.tage via switch 56 and which consequently acts as a gate, 
as described hereinabove in connection with Fig. 1B. 

Typical potentials across each stage and cap seoaratiens fcr each stage, for a gas pressure of 20 Terr 
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ar i as fc-tlcws: 
D U n. 

pre- aa plificati : 
transfar 1 
transfer* 2 

amplification 

transfer - 3 



"A? 



DIFFERENCE 'vol: 
300 
39 

3 3 (gate open) 

-20 ( gat;e closed ) 

300 (gp^ open) 

9G0 Igata closed) 
^GO 



A oreferred level of potential for the photocathode 20 [ s 0 volts, in such a case, the prsierred ;eveis of 
potential for the photocathode 20 ; fcr :he eiectrcdes 00, 92, 52 and 94 and for resistive iayer 74 are: 
gate open: 0 V, 800 V, 380 V, 960 V. 1760 V, and 2 H 60 V 
gate closed: 0 V, 800 V. 380 V, 860 V, 1760 V, and 2160 V. 

There is also preferably provided an Insutative layer 72 and a resistive layer 74 which may be identical 
to the respective layers 72 and 74 cf Fig. 1C. 

The remainder of the apparatus is essentially identical to 'hat described hereinabove in connection /vi:h 
Fig. 1A, and therefore, similar elements thereof are ; r,cicated by identical reference numerals. 

Reference is now made to Fig. IE, which illustrates yet another embodiment of X-ray detector 
constructed and operative in accordance with a preferred emocciment of the present invention, in this 
embodiment yet another type cf electron multiplier is employed, having a first transfer stage 100, a 
preampiification stage 102, an amplification stage 104 and a second transfer stage 106. Typical potentials 
across eacn stage and gap separations 'or each stage, fcr a gas pressure of 20 Terr are as foilcws: 



STAGS 

transfer 1 

pre- anplifi cation 

amplification 

t r ans f er 2 



G A? THICKNESS fans) 



VOLTAGE DIFFERENCE (volt) 
80 
3Q0 
309 

i;oo 



A preferred level of potential f or the eloctrocies 110 is 0 vclts. !n such a case, the preferred !eve s of 
c5 potential for the photocathode 20 and for the respective eioctrcces 101, 103. 105 and 110 of each stage 
are: 

-2080 V, -2000 V, -1200 V, -400 V. ana 0 /. 

Accorcing to a preferred embodiment of the c resent invention, one of the mesh electrodes, oreferabiy 
eiectrode 101, between the first transfer stage 100 ind :he preampiification stage 102, receives a select ab ! y 
changeable voltage from a vcitage source net shewn i via a switch 107. such as an HV '000 Pu : ser. 
commercially available from DEL 2301 Researcn Blvd.. Suite 101. Fort Collins, Colorado, USA. Typically, 
•wo vcltago cvois arc provided. Tnis arrangement enaoies mesh electrode 101 to act as a gate, having 
defined open and closed positions theroo:. corresponding to the twe voltage levels. The function of the gate 
■s to o 'event positive ions from drifting back tr -he nho'ccathooe 70 and causing damage thereto, when the 
vr jato is closed. Alternatively, the eating -'unc:icn may be 3iiminated. 

If gating ; s employed ,he typical vcJtages anc jap seoarations ot me various stages 'or a gas pressure 
of 20 Tot arc as fellows: 
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;a? THICKNESS 



era r. star 

pre-a^pli: icatior. 

amplification 
transfer 2 



3 j $a:e ope n. ) 

2 j ;&a:e closed } 

3 0 0 {gate open) 

9 Q 0 (gate closed) 
803 



0 - ro 



A preferred ievel cf potential fcr the electrodes 110 :s 0 vc:ts. In seen a case, tre preferred levels of 
potemia, for the photccathode 20 and fcr the respective electrodes :01, '03. 1 05 arc 110 of each stage 

-ate cicsec: -203C v, -2100 7, -1200 V, -4C0 V. arc 0 7. 
gate open: -2080, -20CO, -1200, -4C0, 0V. 

Electrode array 3^ of Fig. 1A Is here replaced by a readout electrode assembly 108 shown in detail in 
~ig. 3C : typically comprising a first array of strip e.ectrcces 110. typically in mutually parallel orientation, a 
generally oianar insulating element 112 and a second array cf strip electrodes 114, typically in mutually 
caraiiei orentation and being generally perpencicular to the orientation of str:p electrodes 110. 

Electrode ar-ays 110 and 114 may take any suitable form sucn as a thin copcer layer cepesited on both 
sides of msuiating element 112. The width cf an electrode strip 11C is typical y approximately 1-3 mm anc 
the separation between adjacent strips is typically approximately 0.2 - 0.5 mm. The ,vidth of and separation 
between electrode strios 114 may be the same. The insulating element 112 may be formed of any suitable 
material such as epoxy laminate with a typical thickness cf 200 microns. 

Any suitable method may be employed to read out the ■nfernatien from the strip electrode arrays. The 
readout electronics 40 of previous embodiments is here rep.aceo by readout electronics 116, such as 
described in 7. Radeka and R.A. Bote, Nuci. instrum. Metncds '73 i1980) 543, the disclosure of which is 
mcorcoratec herein by reference. Connectors 38 are rare "eolacec by acprcpriate connecters (not showm 
□ etween strip electrode arrays 110 and 114, and readout electronics 1 16. The remainder o; the aoparatus is 
essentially identical to that described hereinabove in connection with fig. 'A. 

Reference is now mace to Fig. 1F F which illustrates yet another embedment cf X-ray detector 
constructed anc operative in accordance with a preferred emocdment c f the present invention. In this 
embedment yet another type cf electron multiplier is smccyea, havng a preamefneatien stage '20, first, 
second and third transfer stages 122, 124 and 126, ard an amp ificaticn stage 128. 

There are also typically provided two gate electrodes 1 3C and 132 on ooth sices of the second transfer 
stage which may be identical to gate electrcde 52 of Fig. 13. Electrodes 130 and 132 receive seiectabiy 
onanceab : e voltages via switches 134 and 136 respectively. The /o'tages oroviced via switches 134 and 
136 are creferatly approximately -5C V and +50 7. respectiveiy. 

Typical potentials across each stage anc gap secaratiens r 'or eacn stage, fcr a gas pressure of 20 Tor r 
are as *'o!iows: 
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A preferrec level 


of potential 


f or the electrode 


110 


is 0 volts, -n 


3Lch a c 


ase, the 


preferrec levels of 


?nt;a! fcr the photccathode 20 


and 'or the 


resp 


ectr 


; e electroces 


137, 130. 


132, 138 and 1 


10 of each 



stage are: 

gate open: -1840 V. -10*0 V, -960 V. -680 V, -3C0 V, and 0 V 
25 gate closed: -1840 V, -1040 V. -910 V. -930 V f -800 V. and 0 V. 

.Any suitable method may be employed to read out the ;nformation from, the strip electrode arrays. The 
readout electronics 40 of previous embodiments is here replaced by readcut electronics 116, as in Fig. IE. 
Connecters 38 are here replaced by aoprcpriate connectors (not shown) between strio electrode arrays 110 
and 114, and readout electronics 116, again as in Fig. IE. The remainder or the acparatus is essentially 
oo identical to that described hereinabove in connection with Fig. 1A, and therefore, similar eiemerts thereof 
are indicated by identical reference numerals. 

Reference is now made tc Fig. 1G, which illustrates yet another embodiment of X-ray detector 
constructed ana operative in accordance with a preferred embodiment o^ the present nvonticn. In this 
embociment yet another type of electron mu;tiplier is employed, having a preamplification stage '40, 
05 transfer stage 142, an amplification stage 144 and an insuiative gap 145. 

The electrode 146 between the preamplification stage and transfer stage may oe identical to the 
electrode 52 of Fig. -A. There are a,so provided eiectroce assembles 148 and 1-30 defining the 
amplification stage 144 which are eacn prefsraoiy of the type illustrated in Fig. 3B. Uciike in the previous 
embodiments in which readout electrode assemblies are provided, :n :ne oresen: amcodiment, electrode 
assemblies 148 and 150 are directly read oy readout electronics 116. 

Referring now to Fig. 38, each electrode assembly 148 and each electrode assemcly : 50 comprises a 
generally planar insulating element 152. a plurality of wires 154 having a generally mutuary parallel 
orientation and being solcered at each end to corresponding pluralities of solde-ing tacc 156 and 153. 

The generally planar insulating element 152 may be formed of any suitable material such as accxy 
~5 laminate. The wires may ce Tungsten gold-plated ana may be of a diameter cr accrcximate ! y 20 - 100 
microns. Suitab : e wires are commercially available from Lumaiamcen Corporation, Sweden. The spacing 
between wires may be approximate'*/ 1-2 mm 

Referring again to Fig. 1G, there is croviced readout electronics 116 which may be identical tc rcacout 
electronics 116 cf Fig. 1E. Readout 9iec:ronics 116 is connected tc 'aos 153 cy suitable connectors snot 
co shown'. 

The orientation o* tne parallel wires 154 of alectrcde assembly 148 ss crerer^uly jenera.ly perpendicular 
\c the parallel wires 150 

Typical potentials across eacn stag 3 tine gap secaratiens fcr each rage. : cr a gas pressure c; 20 ; err 
are as f oi!cws: 



EP 0 -150 571 A2 




*d A preferrec 'evei or potential -'cr re eiectrcue '50 is 0 vets, such a case, trte preferred eveis er 

potential for the phctocathcce 20 and 'cr -he 'escective eiectrcdes 146, 148 and 150 of each stage are: 
-1680 V, -330 V. -300 V, ana 0 V. 

The remainder of the apparatus >s esssr.na:iy .aeniical to that described hereinabove n connection witi 
Fig. 1A, and therefore, similar elements therect a r e indicated cy identical reference numerals. 

;5 Reference is row mace to F ; g. * H. /vr.ion 7ustrates ye: another embodiment of X-ray detector 

ccnstructec and operative ,n accordance A-ith 3 preferred embodiment of the present irvervricn. in -his 
embodiment yet another type cf electron multiplier is employed, having a first transfer stage 170, a 
preamplification stage 172. a second transfer stage "74, and firs: and second amplification stages 175 and 
178, and an insulative gap 17S. 

2j The electrodes 130 ana 132 .vhich define the preamplification stage 172 may be identical to the mesn 

electrode of Fig. 3A. There are aiso creviced electrode assemblies 184, 186 and 188, defining the *irst and 
second amplification stages, which may ee oeniicai to electrode assemblies 148 and 150 cf Fig. 1 G. 
Electrode assemblies 184. 186 arc 1S8 may be arranged such that the respective wires thereof cefine any 
desirac angle between them. For example, the wires of assemblies 134 and 186 may be parailel to one 

25 another, whereas the wres of assembi/ 138 may be cerpendicular to the wires of the other two. 

Typical potentials acrcss eacn stage and gao separations for each stage, for a gas pressure cf 20 Torr 
are as foilows: 



STAGE GA? THICKNESS (ma ) VOLTAGE DIFFERENCE (volt) 
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A preferred !evel of potential 'cr the ohctccathcce 20 is 0 volts. In sucn a :ase, the preferrec levels of 
potential for the photocathcde 20 and the respective electrodes 130, 182, 184, 186 and 188 cf eacn stage 
arc: 

~5 0 V. 100 V, 900 V, 1000 V, 1800 V, and 2400 V. 

Any suitable method may be employed to read sut the information from the electrode assembles IS**, 
136 and 183 (cr, alternatively, from assemblies 186 and 188 only). The readout electronics 116 or the 
present embodiment may be identical to readout eiectrcrics 116 of Fig. 1E. Appropriate connecters (not 
shown) are provided between the eiectroce assemblies 184, 186 and 138, and readout electronics 116. it is 
5i appreciated that, due to this arrangement, a secarate readout e:ectroce assembly need not be provided. 

The remainder of the arecaratus is eesertiaiiv identical to that coscribod hereinabove n conncct'cn with 
Fie. 1A, and therefore, similar elements thereof ere rdicated by icent : cal reference numerals. 

Reference is now made to Fig II, .vhion 'llustrates yet another embodiment of X-ray detector 
constructed and operative in accordance ^ith a preferred embodiment of the present invention. In this 
55 emccciment yet another tyoe of electron muhio'ier ; s employed, having a presmplificaticn stage 200. first, 
second and third transfer stages 2C2. 204 one 2C6 respectively, an amplification stage 208. and an 
insuiative gap 209. The phctccatrode 20 is icl'oweti by three mesh eiectroces 210, 212 and 214 which may 
be icentical to electrode 52 cf rig. 1A. wmch .s ; ilustratec in detail in Fig. 3A. The three mesh electrodes 
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:.- , "oilowed oy three eiectrece assemc:ies 220, 222 ir.a 224 /vnich detine the .amplification stage 203 and 
•vr ch are eacn preferably cf the type illustrated in rig. 3E. However, in the aresent em oodiment, preferred 
.;r,arac:oristicG of the wires of :ho electrode assembiios aro as follows: 

Assemblies 220, 224: approximately 50-100 micron :iameter //res, aocreximately 0.5-*! mm apart; 

Assembly 222: acprovimately 20-50 micron diameter Aires approximately 1-2 mm apart. 

E'ectrodes 212 and 214 on both sides of the second transfer stage 204 act as gate electrodes in the 
present embodiment, receiving selectabiy changeable vc;tages via switches 226 and 228 respectively. The 
✓ citages provided via switches 226 and 223 arc preferably approximately -50 V ard +50 V respectively. 

Typical potentials across each stage and gap separations "cr each stage, for a gas pressure of 20 Terr 
ire as 'oilows: 
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A preferred level of potential r*or the phctccathcde 20 is 0 veils. In such a case, the preferred levels of 
potential for tho respective electrodes 210, 212, 214. 220, 222 and 224 cf oacn stage arc: 
gate open: 3C0 V, 380 V, 960 V, 1040 V, i o^Q V. and 1040 V 
gate closed: 300 7, 930 V, 910 V. 1040 V, 1640 /, and 1040 V. 

Any suitable method may be employed to read out me information from me electrode assemblies 220, 
222 and 224 (or, alternatively, from assemblies 220 anc 224 only). The 'eadcut electronics 116 of the 
present embodiment may be identical to readout electronics 1 1 6 of Fig. IE. Appropriate connectors (not 
shewn) are provided between the electrode assemblies and readout electrorics 116. It is appreciated that, 
due to this ar-angement, a separate readout electrode assembly need not be crovided. 

Electrode assemblies 220, 222 and 224 may be arranged such that the wires thereof define any desired 
angle between them. For example, the wires of assemolies 220 and 224 may ce parallel to one another, 
wnareas the wires cf assembly 222 may be peroendicular :c the wires of the other two. 

The remainder of the apparatus is essentially identical to tnat described hers.nabove :n connection with 
c ic;. - A, and therefore, similar elements thereof are indicated by identical reference numerals. 

Reference is now made to Figs. 2A-2B which Illustrate an X-ray chctcn detector ccmoined with an 
cptical sensor constructed and operative in an core an c^ with preforrea embodiments of me present 
invention The X-ray detector 10 may ccmprise any su table X-ray detector such as those shewn 3nd 
■described hereinabove with reference to Fiqs. 1A - v, but with me 'cHowing exceptions: 

A. The -eadcut (referenced *0 In Figs. 1A-1D jnd 113 in F ; gs. 1E-1I) ; s hern replaced oy an cptical 
maCout system, referenced generally as 234 anc 236 n Figs. 2A and 23 resoecrjveiy and described in 
detail hereinnelow; and 

3. There is orovided an cptical window 233 which is operative :e extract the light from the electron and 
tight mu : tip!ier 10. Any suitab'e commercially avai able UV transoarent window 238 may be used, such as 
Quartz SupraciM available -'rem Hcraeus. Hunau, '//est Germany The thickness is determined as a 
*urct:en r* the dimensions of tno detector's active area. Fc examp'e, if the active area :s of dimensions 
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20 20 ;m- the Ttokcsss cf tne ccticai wmccw 233 sncua oe acproximater/ '5 mm. 
2. ~'~e comer ses any suitable : :gnt emitting gas c gas m.<:ure -vhicn ices ret sucstan*ia,!y inhib.t 
i:ec:rcn avaiancne sucn as me gas mixtures o.sccsed ,r 2. Saevage. A. SresKin R. Chechik, 'A 
systematic study cf *he 9miss;cn of the Mcht ; ron electron avalanches -n lew pressure T EA anc TMAE 
:as mixtures". Nuc. instrum. Methods, A275. M989). p. 25: onwards, ana !n A. 3reskn et a.. "A Three 
Stage 3atec UV Photon Gaseous Detector With Optical Imaging ". Nuci. Instrum. Methods A 236 (199C) 
c. 251 onwards, the disccsures of which are nccrporated nerem cy refe'en.ce. 'he gas pressure may ce 
2C Terr, as in previous embodiments. 
The two documents incorporated by reference : n the previous paragrach recent -esu.ts of operation of 
m ava:anche gaseous amplification detector, containing a gas mixture ccm.pris.ng approximately 0.1 - 5 
Terr of TMAE vaccr cr approximately 10-50 Terr cf TEA vacer. These gas mixtures were ; ound to emit 
light during :he avalanche amplification orocess, as a -esult of the excitation of the gas molecules. The 
amount cf light emitted was found to be directly crcportional to and thus mdicative of the number of 
electrons «n :he avalanche. Specifically, approximately 0.1 to 5 photons "ere found to bo emitted oer 
avaiancne eiectrcn, depending on the particular composition of the gas and on toe operation conaitions of 
the amplification structure. 

For example, using a gas mixture of 30% C 2 H 5 . 20°o -V at 1C0 Terr, further jumprising 5 ~crr of TVIAE. 
ana using the apparatus of Fig. 2A, wherein the reduced e'ecmc tieic in the second ampiificaticn stage 246 
is 20 V cm Torr, the mean number cf photons emitted per avalanche 3iectrcn was found to oe 1.5. When 
TEA gas mixtures were used, even higher mean values for the number of ohotens per avaiancne electron, 
//ere fcund. Due to the abeve results, and since the light is emitted at :ne same location in space at whic.n 
me charge is produced by the amplification prccess, localization and quantification cf the ight spot are 
equivalent tc localization and quantification cf the charge. 

Referring now specifically to Fig. ZA, there is shown yet another type of electron multiplier having a 
creamciification stage 240, a transfer stage 242, and first and second ameiificat:cn stages 244 and 246, and 
an ;nsLia*ive gap 243. The second amplification stage 245 acts as the main light amplifying element. The 
'eatures cf a typical light amplifying element are described In A. Breskin et al. f "A highly efficient ow 
oressure UV-RICH detector with optical avalanche reccrcir.g,'' Nuc.. mstrum. Methods A 273 (1583), p. 793 
onwards, anc in A. 3roskin et ai., "A Three Stage Gated JV Photon Gaseous Detector Witn Optical 
Imaging" Much Instrum. Methods A 286 (1990) P, 251 onwards, the disclosures of which are incoroorated 
herein by reference. 

The electrodes 245, 247, 248 and 249 defining the 'cur stages referenced heremaoove, with the 
exception cf ohotccathode 2C, may be identical to electrode 52 of F ; g. 1A. ,vmcn is illustrated in derail in 
Fig. 3A. 

Typical potentials across each stage and gap secarations : cr oacn stage for a gas pressure of 40 Terr 
are as : oilows: 



STAGE GAP THICKNESS (ai'i VOLTAGE DIFFERENCE fvol:' 



pre-aiplif ication 3.5 11 GO 

transfer 3.5 200 

amplification 1 3.5 1100 

amplification 2 3.5 500 

A creferred level of potential : or the photccathede 20 is 0 volts. In such a case, the preferred levels cf 
potential 'or the resoective electrodes 245, 247. 243 and 2-9 of each stage are: 
11 CO V. 1300 V, 2400 V, and 2900 V. 

The oottcal system 234 recording the nfcrmatson from detector '0 comprises a UV transcarent lens 
250, such as a FLECTAN 75 Q, commercially available 'rcr NYE Optical Company, Spnng valley, CA, 
USA. The mage is transferred to 3 position sensitive optical element 252, such as an array cf position 
sensitive phctcmuJtipiiers, such as an XP 4702 photomultiplier w : th a sapphire window, corrmerciaii / 
available from Phillips. The information from optical element 252 is received by readout electronics 25-. 
such as that described by G. Comby et al., Nuc:. Instrum. Methods A243 (1936), 0. 135-172, the disclosure 
cf which 'S incorporated herein bv reference. 
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The remainder 3t me acparatue : s essentially comical : o thai Described -.eremaoovo n icn^ccticn with 
rig. 'A, and therefore, similar elements thereof are indicated by identical -eterence numerals. 

Referring now specifically tc Fig. 23, there '.3 shown yet another type e ; electron muitioiier having a first 
farster stage 260. a preampiificaticn stage 262, a second transfer stage 264, an amulhication stage 266 
•-vh.cn ac\s as the main iight amplifying element, anc an insulative gsc 255. The features of such a light 
amplifying element in the present embodiment. 

The electrodes 267, 263, 269 anc 271 defining the :cur stages referenced eereinabove, with the 
exception cf chotocathede 20, may ce identical to electrode 52 of Fig. 1A. wnich is illustrated in detail in 
Pig. 3A. 

Typical potentials across each stage and -gap reparations : or each stage for a gas pressure of 40 Torr 
are as r'olfcws: 

STAGE GAP THICKNESS fun ) VOLTAGE DIFFERENCE (volt ) 

transfer 1 3-5 

pre-aaplificacion 3. 5 11CO 

transfer 2 3.5 "GO 

amplification 3-5 11 QO 



A preferred levei of potential 'or the photccathcce 20 3 0 volts. In such a caso, the preferred levels of 
potential for tne respective eiectrcdes 267, 258, 269 and 271 of eacn stage are: 
200 V, 1300 V, 1500 V. and 2600 V. 

The optica! system 236 recording the information from detector 10 comprises an optical taper 270, such 
as the custom-mace taper commercially available from Schctrt Fibre Optics Inc., Southbrdge, MA, USA, 
which is coupled tc the optica! window 238 via a wavelength shifter 272, sucn as p-terpnenyl. The optical 
taper 270 is coupled to an image intensifier assembly 274, such as a BV 2562QX iight amplifier coupled to 
a 3V 1333 EG11 iight amplifier, both commercially available from Proxitrcnic of Bensheim, W. Germany, 
image intensifier 274 is coupled to a position sensitive optical element 276. sucn as a CCD camera, 
typically a 7864FO, eemmerciai'y available : rom Thomson - France, which is reac cut by readout 
electronics 2"*3. such as Thomson Driving Electronics Kit model T H 79K64 coupied tc frame graboer and 
digitizer DT2S531, commercially available from Data Translation of Marlboro, MA. USA. The digitizer output 
may be supplied for frame analysis to a computer such as a PC/AT. used in conjunction with suitabie 
software such as DT-iRIS, commercially availab.e from Data Transiaticn, Marlboro. MA, USA. Alternatively, 
the position sensitive optical element 276 and the readout electronics 273 may be replacec by the position 
sensitive optical element 252 and the readout electronics 254, respectively, of Fig. 2A. 

The remainder of the apparatus is essentially ; dentical to that described hereinabove in connection with 
Fig. 1A. and therefore, similar elements ^hereof arc indicated by identical refe r ence numerals. 

Reference s now made to Figs. 4A and 4B, which illustrate X-ray detectors in which the pnetocathode 
is planar and is capaole of receiving X-ray radiation impinging on either or bom sides thereof, constructed 
ana operative in accordance with alternative embodiments of the present invention. It is appreciated that the 
X-ray photons may imcinge upon the phctccathcde 20 of the detector 10 at any desired angle aloha. 
Preferably, however, the angle aipha will bo relatively large, i.e. in the range of approximately SO to 90 
degrees 'rem the perpencicular, to enhance the detection efficiency. 

Referring new to F ; g. 4A, it is apcrec:ated that X-ray photons may impinge upon tne photccathcce 20, 
associated with electron multiplier 3C0 disposed downstream thereof, : rcm either the upstream side or the 
oownstroan side thereof. In Fig. 4A, X-ray photon beam (a) is shewn impinging aeon tne upstream, sic a ef 
■he cnotocatnode, wnereas ! ne X-ray ohcton beam (b) is shewn imomgirg uccn the downstream sice 
thereof. Electron muiticl : er 300 creates an electron avalanche 302, read out cy a reacout system 304. 53 
shown. 

Reference is new made tc Fig. 4B, which snows that two electron multipliers 306 and 303 may b« 
creviced t ccth respective sices of ohotccathede 20. ,vh:ch in this embodiment scmcrises a double side 
photocathede 20 sucn as the pnetocathode assemb ies shown in F'qs. BA and 6G. Electron multipliers 306 
anil 308 each create an electron avalanche, referenced 310 and 312 respe :tive!y. amplifying electrons trcm 
the cnotccatncri-3 20. Electron multipliers 3C6 and 3CS are proferaofy reac lot separately by readout 
systems 314 anc 3 IB. rascectivaly , as shown. As in Fig. 4A, the X-ray ran etc: is may impinge; aoun th^ 
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Rere-ence :s nov, r.3C9 tc Fig. 5 .v-jcn . lusrates an X-^ay detector assembly. ; r.d icatoc oer.era;!y cv 
-ererence numeral 33C, /vr.icn '5 constructed and operative in, accordance with yet aroirer ore'errea 
emcoaiment ot trte present indention. Assembly 320 comprises a cw-oressure cas "'iileo enclosure 332 

: including an entrance window 334. :yp c 2 i i v fcrmec of poiyprcoylene sucportec on a frame mot shewn), 
similar :o the .vincow 14 ana Tame 16 sncwn and described with reference to Fig. 1A. However, the 
assembly 330 comprises a plurality or stacked X-ray detector mcduies 336. rather than a single sjch 
mcduie as in the embodiments of Fig. 1A-1I. Eacr nodule may comprise an electron muttiolier .centical to 
the various embooiments -hereof disclosed win reference tc Figs. 1A-1I. According to a preferred 

:q embodiment, the mcduies are arranged in a generally mutually parallel orientation which is at an ang;e oeta 
of typically 1 to 10 degrees from the X-ray beam impingement direction 338. It is noted that individual 
windows need net be provided for each incividuaf module 336. Rather, the entire enclosure 332 is a single 
gas filled enclosure. 

Reference is now made to -igs. 6A-6G. whicn illustrate alternative emocdiments of pnotocathode 
f 5 assemblies useful in the present invention. Referring specifically to Fig. 5A, there is shown a pnotocathode 
comprising a metal foil 350 whicn may ce termed of any suitaole conducting material sucn as tantalum, 
gold, platinum, aluminum, or tungsten, -f a thickness decencing on the energy of impinging photons. For 
exampie, for a gold layer 350 anc an X-ray energy of 10 KeV, a typical thickness is approximately 5 
microns. For an X-ray energy of 30 <eV a typical thickness is approximately 15 microns. 
20 Fig. 6E shews a photccathoce assembly comprising a thin semiconductive or me:al photccathoce layer 

352 deposited upon an insulative suroccrr roii layer 354. Thin layer 352 may be formed or' any suitable 
semiconductive cr conducting material such as Col or gold, of a suitable thickness whicn depends cn the 
energy of the impinging photons. For example, for a Cj] layer 352 and an X-ray energy of 10 KeV. a typical 
thickness is aporoximately 1 micron. If the X-ray energy is SO KeV, a typical thickness is acprcximateiy 30 

25 microns. The insulative support foil layer 354 may be formed of any suitable electrically insulative. low X- 
ray absorbing material such as polyprcDy:ene. Paryiene M, Kapton, Mylar, Actar or Nyion. of suitable 
thickness. For exampie, for an X-ray energy of 10 KeV, a typical thickness is in the range of 5-50 microns. 

Fig. 5C shows a phctccathcde assembly comprising a nonconductive (insulating or semi-conducting) 
pnotocathode layer 356 deposited upon a thin metal support layer 358. Pnotocathode layer 356 may be 

30 formed of any suitable nonconductive material sucn as CsJ or Cul of a suitable thickness which depends on 
the energy of impinging photons. For exampie, f or a Csl photccathode layer 356 and an X-ray energy of 10 
KeV, a typical thickness is approximately 1.5 microns. For an X-ray energy of 80 KeV, a typical thickness s 
aporoximately 45 microns. The sucocrt layer 358 may be formed of any suitable metal such as aluminum, 
gold or copper, of suitable th.ckneso. For example, for a gold layer 358 and an X-ray energy of 10 KeV. 3 

35 typical thickness is 5-10 microns. 

Fig. 3D shows a pnotocathode assembly comprising a + hin insulative support aver 360 fclowed by a 
thin conductive layer 362 and a ooncorvductive photccathode layer 364. SuDpcrt layer 360 may ce identical 
to support layer 354 of Fig. 6E. Conductive layer 362 may be formed cf any suitable material such as 
aluminum, gold or Nichrome of suitable thickness. For example, a gold layer 362 is typically approximate!/ 

-to 1 micron thick. Photccathode layer 364 may be identical to photccathoce layer 355 of Fig. 5C. 

Fig. 6E shows a photocathede assembly comrorising a metal support layer 366 followed by a ic* 
density nonconductive phctccathcde iayer 368. Metal supocrt layer 366 may be identical to supper: layer 

353 of Fig. 6C. Pnotocathode layer 368 may be formed of a layer of fluffy (low density) Csl typically with a 
density cf aporoximately 1-3% of the bulk density of Csl and being of a suitable thickness. For exampe. for 

^5 an X-ray energy of 5 KeV, a typical thickness is in the range of 1000 micrograms/cm 2 . Details cf a preferred 
material suitable for phctccathcde 'aver 368 are provided in C, Chianelli at al. f Nucl. Instrum. Methods A 
273 (1988) p. 245-256, and in "Quantum Efficiency of Cesium Iodide Photocathodes at Soft X-ray and 
Extreme Ultraviolet Wavelengths", by M.P. Kcwaiski st a!. Apofied Optics Vol. 25, No. 14 f 1 5 July t936), 
pages 2440-2446, the disclosures of which documents are incorporated herein by reference. 

50 Fig. 5F shows a phctccathcde assembly ocmprising a support layer 370 followed by a ncnconcuctive 

photccathode layer 372 and a thin meta: layer 374. Suocort layer 370 may be identical to supcert iayer 353 
of Fig. 6C. The photccathode iayer 372 may ce identical to photocatnode layer 356 of Fg. tiC ihe thin 
metal layer 374 may be formed of any suitable materia! such as Nicnrcme. Aluminum, o' Gc id having a 
thickness cf 0.C5 - 1 micron. 

55 Fig. 5G shows a photccathode assembly 376 corresponding to the photocatnode assembly of F ; g. 63 

but being doublo-sidec. (t is oopreciatoc that any of the photocatnode assemblies of Figs. 6B-6F may 
similarly be provided in doub e-sided room. Photocathede assembly 376 comprises a thin insulative suopcrt 
'ayer 380 sandwiched between a first thin conductive lave.' 382 -followed by a nonconductive photccathoce 

l 6 
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!t .viil appreciated uy cerscns sailed r jr f . "J'ai :K-; p^o-'.i invention s not 'imied by what has 
■jiion particularly shown and described above ~de -:crx^ :r -he proseni nvention is refined jnly by the 
^.aims .vhicn follow: 
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Abstract 

We propose new techniques of X-ray spectroscopy and imaging, based on the use 
of low-pressure multistep gaseous electron multipliers. Ultrasoft X-rays are detected by 
counting single electron clusters induced in the gas. X-ray induced UV-photons in Gas 
Scintillation Chambers are read out with wire chambers coupled to Csl photocathodes. X- 
rays converted in foil-electrodes are imaged by fast multistep avalanche electron multipliers. 

We discuss the advantages of the various techniques and present experimental results 
and Mcnte Carlo simulations. 
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ayer 084 ::i sne side, and a second tr i n oc rduc::ve layer 3 be : : .cv/e: by a sec: nc phetocathede ayer 
353. "m :ne other sice. Thin msuiat.ve succcrt 'ayer 380 -ray oe corneal to -jcrecrt lever 360 of Fig. 3D. 
~rst anc second thir. ccrauctKs .avers 382 ana 386 may oe identical *o conductive layer 362 :f Fig. 3D. 
^otccathede iayers 384 ard 388 may is identical :o onotccatrode .ayer 384 .;f F : g. 6FV 

; The onotocathede assembly in "a. 6A is particu any userui n ~jgr erergy X-ray appiicaticrs fin the 

ranee approximately 50 - 500 KeY). The phetGcathcce assemoies n Fes. 3E-5D ara 6F-6G are 
particular"/ useful n the ! ow ana medium energy range ■'approximately 3 - 50 KoV). The pnorccatnoce 
assemoiy in -ig. 6E is particularly useful ; n the very :ow erergy range 'approximately 0.1 - 6 KeV). 

It s noted that the features shown anc described in connection ,\ith various drawings, such as the 

:o presence of a gate, the presence of a resistive iayer, the type of readout electrode, and the choice of 
readout method may be combined in any suitable combination In accordance with the present invention. 

The results of an experiment demonstrating the efficiency of the X-ray detection apparatus shown and 
described herein, relative to state of the art X-ray detectors are now eesenced. 

in tne experiment, performance of an X-ray detector constructed and operative in accordance with the 

:s present disclosure and including the preferred embodiment of orctccathcoe snown and described above 
with refe-ence to Fig. 6C was compared to the performance of an X-ray oetectcr which was icentical except 
that the photocathode was as shewn and described above -vith reference to Fig. 5A. 

The performance of the cetectcr including the pnotceathoce cf F ; g. 3A is seer in F ; g. 7A. The 
performance of the detector including the phctccathcce of Fig. 6C is seen in Fg. 7B. As is obvious from a 

20 comparison of the two **igures, the quantum efficiency cf the pnotceathoce cf Fg. 6C considerably exceeds 
the quantum efficiency cf the photccathode of Fig. 5A. Specifically, it was fcunc mat when the pnetocathoce 
of Fig. 3C -vas employed, substantially all <;1QC°' C/ acscrced X-ray cnotons were detected by the device. 

Also, tne timing response of an X-ray detector mouding me pnotceathoce of Fig. 3C was measured 
js;ng a UV raciaticn source rather than an X 'ay radiation sourca. The timing *vas found to be 

J5 approximately 4 nanoseconds for a single electron event anc ess than one nanosecond fc r a multielectrcn 
avert. It is oelievec that this result is approximately 1C0 times superior tc results obtainec using state cf the 
art X ray detectors. For example, fast scintillators have timing cf a rev/ microseconds. 

Details cf the above experiment are provided In an article submitted to the journal entitled Nuclear 
instruments and Methods in Physics Research, the text cf wn.ch ;s appended hereto and is referenced 

■jo Appendix A. 

Results of an experiment demonstrating the relatively nign detection resolution achieved by the 
apparatus shown anc described herein are reported in the following publication, the disclosure of which is 
mcorporated herein by reference: 

"Fign Accuracy Imaging of Single Photceiectrons by LOw-^-essure Mu.t otoo Avalanche Chamber 
cs Coupled to a Solid Photocathode" by A. 3reskin ard R. Chechik, Nuclear instruments ard Methods ,n 
Physics Research 227, (1984) 24-28. 

!n this experiment, the detection resolution was found to ce cf the: order cf 0.2 mm. 

it is appreciated that the X-ray detection apparatus and methods snewn 3rd described hereinabove are 
general and nave a very bread range of applications. A medical radicgrapny application is now discussed, it 
■in peine appreciated that this application is intended to be mereiy exemplary or the possible applications and 
: s not intended tc he limiting. 

The above description is applicable tc an X-ray medical diagnostic metrcd mciud'rg me steps of: 

-aciating a sub;ect to be diagnosed with X-ray radiation; and 

omp.oyirg an X-ray cetcctor of the type shown and described above n order t: perform racicgrachy by 

-*5 detecting the X-ray radiation. 

Fcr medical applications, a cruciat censideratien is to mtmmaiice the dosage cf radiaticn. Therefore. :t is 
oelieved that a preferred embodiment of X-ray cetectcr employed fcr rmecica! purposes is cne whicn is 
sensitive to a relatively small amount of radiation, such as 're embodiments of Fig. 43 or 5. it is relieved *o 
oe most preferable to employ an embodiment of X-ray detector which comcines the ccuble-sided 

so maractenstic of the embodiment or Fig. 45 with the relative v small anc ; e c etwee n the phctccathcce 
surface and the direction of raciaticn creviced in the embodiment cf Fg. 5. 

The discosure of the present invention : s also beiieved to have ircustrai applications in montenrg ard 
ocrt'o iirg dynamic industrial processes such as lubrication of mechanical parts ard flows of rluids through 
mechanical systems. Tne disclosure of the present invention is also beiieved tc be applicable :c screening 

~ :f static objects sush as screening of luggage at air facilities to detect weapons and narcotics. As described 
above, a particular feature of the apparatus and methods cf X-ray detection disclosed heron is the relatively 
nigh detecticn resciution achieved thereby. This feature Is particularly important in m austral and security 
applications. 
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1. Introduction 

The use of gaseous X-ray detectors is widespread In many fields of basic md applied 
research. Much of the progress in this domain was motivated in the past few years by 
the availability of hi^h intensity Synchrotron Radiation facilities. Considerable ^rforx is 
being channeled towards the development of high race, fast and accurate imaging devices, 
enabling, for example, the study of time resolved phenomena. Another domain of interest 
is in detectors with an improved energy resolution for the spectroscopy of ultras eft -to- mid 
energy X-rays. The main applications hers are in material science, astrophysics, plasma 
diagnostics and atomic pnysics. Fast and efficient imaging devices are required for the 
detection of hard X-rays in industrial and medical applications. 

In the present article we review some new approaches, recently investigated, to X- 
ray spectroscopy and imaging over a broad energy range. The proposed techniques are 
ba^ed on the use of low- pressure multistep gaseous electron multipliers. Low-pressure 
rrruitistep chambers 1 '"' (LPMSC) provide high gain (> 10' for single electrons;, fast re- 
sponse, good localization, high rate capability, low sensitivity to background radiation, 
reduced aging, and gating capabilities. Consequently, this type of electron multiplier Sncis 
many appiicazions in the fields of detection of low-ionizaticn radiation 3 '* J and single elec- 
trons. Photosensitive LPMSC's 5 ' o) efficiently detect UV-photons in Cerenkov Pang Imag- 
ing detectors' 5 ''R.ICH; and UV- photons emitted from 3aP^ scintillation m application to 
particle physics 3 ^ and medicine 9 ^. Single electron cluster counting methods are developed 
fcr particle identification by their specific ionization 10 ' and for soft X-ray spectroscopy. 

Primary Ionization Cluster Counting V ?ICC; is performed by coupling a multistep 
electron multiplier to a large low-pressure, low-field, conversion and drift vchune. :n wrucn 
particles or soft X-rays induce trails of primary charges. In the case ct ultra-sett X-rays 
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i 0.1-1 keV), due to :he large diffusion ana the relatively long range of pkotoelectrons, dh- 
mary charges are eScieatly separated in ipace and time. They are incivicuailv multiplied 
and counted and their number is proportional to the X-ray energy. The resulting energy 
resolution competes with chat of gas scintillation counters. 

Another method investigated in the present study is a 3D X-ray camera for the spec- 
troscopy and imaging of photon quanta in the energy range of 30-100 keV. It is based on 
a high-pressure Xe-Alled gas scintillation chamber, from which the emitted UV-photons 
(A=170 nm) axe converted on a Csi photocathode coupled to a LPMSC imaging electron 
multiplier. The quantum efficiency ■ QE) of the UV-detector is of the order of 10%. The 
X-rays are localized with an accuracy of 2 mm. The device is fast and allows background 
reduction by pulse-shape analysis. 

Fast X-ray imaging at high photon Aux. can be achieved when coupling thin solid 
- photocathodes to LPMSC electron multipliers. The high rate capability is derived from 
reduced space charge effects due to the fast icn collection and the low charge density of the 
electron avalanche. Possible aging due to high total deposited icn charge can be eliminated 
by the use of DME gas 1 n . The effective energy range of the detector depends on the choice 
of the photocathode converters. 

In this article, we describe each of the various detection methods investigated. Exper- 
imental results, «ome of which are of a preliminary nature, and Monte Carlo simulations 
are presented, and possible applications are discussed. 

2. Spectroscopy of ultrasoft X-rays with Primary Ionization Cluster 
Counting 

High-resoluticn detection cf soft- X-rays is required in materials science for surface 
analysis with electron microprcbes. In this domain, in parallel tc the conventional surface 
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image, one detects characteristic X-rays emitted by the: impact; cf zhe electron beam with 
zhe analyzed sample surface. This allows the correlation of topography wizh chemical 
composition. Of particular importance is "he energy range of 0.1-1 keV corresponding to 
characteristic X-rays of light elements such as 3, C. O, N etc. The standard technique 
employs cryogenic Si-L: detectors separazsd from zhe high- vacuum chamber of the analyzed 
sample by a thin Be window. This window, usually about 10 y.m thick, introduces severe 
h mi tat ions since it absorbs most of zhe characteristic radiation of elements up to Na. 
Room temperature Si-Li detectors, operating without Be windows, are ineffective below 
■400 eV, due to poor signal- to- noise ratio. 

Alternative methods such as Gas Scintillation Proportional Chambers (GSPC) 12) or 
electron-counting with proportional counters 13 ' were proposed. Both types of detectors 
have the inconvenience cf operating it atmospheric pressure with :he drawbacks men- 
tioned above. Gas scintillation at low- pressure was attempted but it is inadequate for this 
application because the light yield decreases linearly with pressure 14 *. We have recently 
employed a thin- window LP MSG, operating in a proportional mode and coupled to a con- 
version volume a tew millimeters wide, for the detection of C-K X-rays of 279 eV. An 
energy resolution cf 53vo FWHM was obtained a: —5 Torr. A detailed description of this 
device is found in ref. 15. 

The primary ionization cluster countiinr ■' PICCT at low gas pressures may well be a 
suitable method icr the spectroscopy of uitrasoft X-rays. It is well known that the energy 
resolution of a gaseous- detector depends on several factors and to first order it may be 
written as 




f 1 



wnere iV ? is the mean number of primarv ion oairs. 
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The first term contains the Fano factor F which describes the itatisticai fiuctuations 
m tne primary ionization process. The second term contains :he function / which is the 
variance of the gas amplification A for a single electron (/=(>( A)/ A) 2 ) and represents 
the contribution due to charge amplification in proportional detectors. It is a monotonic 
function of the gain and has values between 0 and 1. However, / is significantly smaller 
than 1 only at very low charge gains, typically A < 100. 

In the case of gas scintillation counters the second term in (I ) is replaced by (l-h/)/.Vc, 
.Ye being -he mean number of detected photoelectrons in the UV-detector. This term rep- 
resents the contribution due to the statistics of photon detection and cf the photoelectron 
amplification process. In ail practical detectors, using either charge amplification in pro- 
portional mode or light amplification in scintillation mode, the secondary amplification 
statistical fluctuations contribute considerably to the deterioration of the ener^v resolu- 



tion. 



The only method which avoids such additional broadening, and depends only on the 
primary electron statistics, is the electron counting method. This method was attempted 
for soft X-rays at atmospheric pressure 13 \ counting light pulses associated with electron 
avalanches. W<> advocate the use of the low-pressure operation mode which has the fol- 
lowing advantages: 

— The possibility of using thin windows allows for a more efficient coupling to the 
radiation source (usually in vacuum). 

— the primary clusters are better separated and more efficiently counted. 

— there :s no need to reduce the drift field to values that may provoke recombination, 
;n order to diffuse and separate the primary charges. 

The choice cf a counting gas in the present method is somewhat easier than in GSC'3, 
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where highly punned Xe or its mixtures with other noble gases are employed. We may 
employ a gas rmxture which has a lower ?ar.o factor, as compared Co Xe (F=0.12 15) ), and 
a: she same time is a good Perming mix: ore providing a higher value tor X p . Some good 
candidates are Ar~0.o%C 2 E 2 or H^^.5%CH, - 7 > which may yield an energy resolution 
at FWHM of about This resolution is better, by about a factor of two, 

than that obtainable in Xe- filled gas scintillation decectors 12) . In addition the present 
method does not require complex purification systems as is the case wi:h GSC's. 

Our prototype detector is presented schematically in Fig. 1. The detector, of circu- 
lar geometry and active area of 50 cm 2 , has a 20 cm long conversion region followed by a 
double-stage, parallel grid, amplification structure. Ail the electrodes are made of stainless 
steel mesh, 50 um diameter and 5G0 ;:m cell size. The mesh is supported by epoxy resin 
frames. The conversion volume is made of a Deirin cylinder covered on the inside with a 
Kapton layer with etched copper strips. The strips are 3 mm wide and 5 mm apart. A re- 
sistor chain provides a constant potential gradient. Th;^ X-ray source is housed m a vacuum 
cell, separated from the detector by a 20 mm diameter, 50 ag/cm" thick, polypropylene 
foil, pieced close to the end-cup mesh of the drift cell. We used a commercial - 44 Cm a- 
induced X-ray source with changeable targets 13 '. Soft X-rays which enter the conversion 
volume product a trail of primary charges. For example, 279 eV C-K induced primary 
electrons typically extend over 1 rnm at a gas pressure of 10 Torr. The electrons drift at 
lew-field of afc'out 0.5 Vy cm- Terr, towards the first 3 mm wide parallel-plate amplification 
gap. Due to Vne long drift path under high diffusion the original electron swarm expands 
to a size of a few cm, leading to a pulse trail duration of a few /is. Each primary electron is 
independently amplified. A fraction of the preamplined avalanche is transferred through a 
iow-_eia trans: or regie:: to a second parallel grid amolidcation element which orovides the 
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signals for electron counting ax.d, as ax option, for localization. These signals axe shaped 
by a fast amplifier and fed mto a digitizer. Each even: is scored in a ?C computer as an 
array of 2K elements, 10 bits each. 

Fig. 2 gives examples of events induced by C-K 279 eV photons in 3 Torr of a C 2 H 5 /Ar 
(SO/20) gas mixture. The X-ray photons are absorbed in the first few cm of the conversion 
volume and produce on the average 10.7 primary charges. The primary electron swarm 
expands, due to the diffusion, over 1-2 cm (2-4 /isec). The individual electron signals have 
a full width of about 50 as. Cosmic events have different cluster-density and total time 
spread and can be easily discriminated against. 

The primary cluster counting can be performed with fast discriminators followed by 
proper pulse integrators 10 * . However, an analog pulse digitization, followed by a software- 
based cluster counting, is more adequate fcr :he systematic study cf the PICC method. We 
' used the correlation method 19 - 205 . demonstrated in fig. 3, which provides automatic peak 
counting by scanning me data wi:h a "search-function"' of known shape and recording the 
3o correlation between the data and the "search-function". This method is quite sensitive 

and is capable of recognizing peaks which are not fully separated, as is seen in fig. 3. ¥\z. 
4 shows the distribution of the number of reccgruzed peaks in 300 C-X X-rav eve^t- The 
cosmic background and single electron noise were not rejected. The distribution is peaked 
around <V=7.3 and has a FWKM of 45%. This preliminary result is very encouraging since 
it represents ah energy resolution close to that of a GSC. It should be pointed out that we 
do not know the Fano factor for the C 2 H 6 f Ar mixture. We are in the process of searching 
for more appropriate gas mixtures in order to improve the performance of the detector. 

In order to gain more understanding of the process and to be able to optimire the 
detector parameters we developed a Monte-Carlo computer simulation software. An ex- 
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ample is given in Sg. 5: Based on a giver. X-ray phcccn energy, mean ionization energy 
md Fano factor, we generate an "input distribution' of primary charges (Fig. 5a). Using 
a random choice process we define the number of injected primary charges for each event. 
We use known diffusion, drift length, single electron avalanche size distribution and signal 
rise/fall times to generate the "detected pulse trails*' (Fig. 5b). We analyze each event 
with the correlation method 19, 20) (Fig. 5c) and generate the •'measured" distribution of 
counted primary electrons (Fig. 5d). By means of this computer simulation we can learn 
about the sensitivity of our method to the different parameters. In particular we can re- 
late the measured distribution width to the input distribution width (i.e. the Fano factor), 
and use the method as a tool to study the Fano factor cf complex gas mixtures for which 
theoretical calculations are extremely complicated. 

Rough localization cf the X-ray photons may be obtained with the present detector 
by reading out electric or optical signals induced during the ampiincation process at the 
second multiplication stage. Since the detected charge contains N c clusters extending 
typically over 15-20 mm [FWHM), a localization accuracy of the order cf 2Qj mm is 
expected, i.e. about 7 mm (FWHM) for 279 eV photons/and of abcut 4 mm (FWHM) for 
1 keV photons. 

3. Three-dimensional Imaging and Spectroscopy of Mid-energy X- 
rays Msith a GSC and Wire-Chamber Readout 

Gas Scintillator Counters (GSC) are frequently used for spectroscopy and imaging 
cf soft and medium energy X-ray,- ^ niany fields such as astronomy, atomic physics, nu- 
clear medicine and material science 1 . These detectors have excellent energy resolution and, 
.as recently demonstrated, have fast timing proDerties based on the recording of primary 
scintillation light 21 \ This enables them to be used in coincidence experiments with an 
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emciem ba.ckgrcur_d suppression achieved by puh;e-maoe anaiys:5 :: • The mcst co minor: 
method of reading :u: the lism from :he GSCs is with ?hc:c- multipliers. The localization 
o: X-rays can be done with an array of p note multipliers connected :o position-decoding 
electronics. Such systems are usually expensive, require a complicated gain calibration 
procedure, suffer from limited stability during operation and from sensitivity to magnetic 
fields. Alternative methods for GSC readout are continuously being searched for, and 
ideas like photocathodes coupled so MCPs" 1 , optical fibers with wave length shifters 23 * 
and wire chambers with TEA or TMAE gaseous photocachodes 24 * were proposed and 
tested. We describe here another method, based on a solid-phctocathode coupled to an 
avalanche chamber 25 ~ 2 7 ) . Such a device efficiently detects Xe scintillation light and pro- 
vides the energy, localization and timing of X-ray quanta over a large surface. It is based 
on the conversion of the UV photon on a solid Csl photocathcde. and of amolifying the 
photoelectrcns in a LP MSG' 23 ,29; . 

In Fig. 6 the Solid Photocathode Avalanche Chamber (5PAC) coupled to a GSC 
tarough a CaF^ window is shown. The GSC was designed for X-:ay detection in the 
energy range of 15-150 keV. The system offers the possibility of identifying X-ray inter- 
actions, in a high Gamma background, by means of K-Mucrescence gating 30 - 1 , pulse-shape 
analysis and a three-dimensional imaging capability 2 :) . The GSC is filled with continu- 
ously pur:^~^' v ~ ---cct-^c: U p (. 0 iq ^ ar X-ray photons enter the detector through 
a 0.2 mm thick aluminum window, 50 mm in diameter, and interact in a 60 mm deep 
conversion-drift gap. Primary scintillation is produced an the interaction point. To in- 
crease the detection efficiency at primary scintillation light, the inside of the cell is coated 
with U\ -reflective paint. The primary electron cloud drifts in a parallel field towards a 
3 mm wide secondary scintillation gap. An electric field of ~14 kV/cm across the sec- 
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cndary somtnlation zap yields about 300 photons per initial electron at a pressure of 4.5 
bar. The scintillation UV photons J A = 150-190 rim) interact with the Csl photocathode 
of the 3?AC. Photoeiectrons released from the photocathode are immediately multiplied 
in the parallel plate preamplification gap, ana then transferred, amplified and localized 
in the mult; wire amplification stage. The localization cf the avalanche is made by charge 
division, using cathode-induced signals. Anode signals are used for timing, pulse shape 
analysis and energy measurement:. The SPAC is typically operated a: 5-2C Torr cf CE 4 , 
which has low self- abscrpt ion of UV light. The multistep amplification mode provides high 
gain, essential for efficient simultaneous detection of primary and secondary scintillation 
light. The primary scintillation light is detected with 65% efficiency for 60 keV X-ray- 
photons. More details on the detector structure, operation and readout electronics, are 
given elsewhere" 9 '. 

3.1 Performance of the GSC with SPAC readout 

Energy resolution 

In Fig. 7 we present an energy spectrum of an 241 Am source obtained with the 
GSC-t-SPAC detector. As was discussed above the energy resolution of this device is domi- 
nated by several factors: the statistics of the primary electrons in the Xe gas. characterized 
by the Fano factor, the UV-light collection and conversion, efficiency and the statistical fluc- 
tuations cf the photcelect-rori amplification process. In the case of 60 keV X-rays detected 
in our GSC-bfAU detector the contributions due to Fano statistics and to the light collec- 
tion and amplification in the SPAC are l.S% and 3.1% FWHM, respectively. The measured 
value of 4.1% (FWHM) at 60 keV -rs in good agreement with a total expected resolution 
of 3.7% (for more details see ret. '29). 
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Position, resolution 

The three dimensional conversion point cf :he X ray p ho Cor. is derived from the cen- 
ter cf the avalanche in the 5PA.C plane and the time elapsed between the primary and 
secondary scintillation pu.ses. The accuracy/ of localization is limited by the Suite range of 
the photo-electron, which depends on the Xe pressure, by the distribution of UV- photons 
detected at the photocathode and by the statistical fluctuations cf the amplification pro- 
cess in the SPAC. In our geometry and with a Csl photocathode, about 11000 (±2000; 
secondary photoelectrons are associated with a single 60 keV X-ray photon. They are 
spread over a surface with a distribution having cr=25 mm * 9 '- This is estimated to con- 
tribute about 0.3 mm r T A-HM to the position resolution. The finite range of photo^iectron 
for 60 keV photon in 4.5 Bar of Xe contributes about 1 mm FWHM, adding up to a total 
of 1.3 mm FWHM. The measured resolution with a ccilimated 241 Am source is shown 
in Fig. 3 and has 1.3 mm FWHM, after correction for beam divergence due to the slit 
opening. Obviously more factors like electronic readout noise and in homogeneity of the 
photocathode are significant and should be taken into account. The resolution in the third 
dimension is also a result of several factors - the finite size of the primary ionization cloud, 
the diffusion aianz the drift over 6 cm and the finite width of the secondary scintillation 
light pulse caused by the dirFusion and by the size of the scintillation gap itself. In the 
present detector the resolution in this dimension is about 3 mm FWHM. 



Time resolution 

The timing properties of the SPAC were studied with triggerable UV light sources of 
two types: a discharge lamp and a BaF? scintillator coupled to a 22 Na source. The 
45 lamp can yield a nigh UV-phcton flu:: in each discharge pulse. The time response ct tne 

SPAC to a multiple-photon light pulse C3> 100 photons) is shewn in Fig. 9; the resolution 
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is -350 ps (F'VHM). The time response of the 5PAC to i pulse of —3 phot a electrons 
t coilimated ii?h lampd which is the typical sice of a primary scintillation pulse tor 60 keV 
X-ray in our GSC-SPAC detector ; the ratio of secondary- ;c- primary light is of ~ 10 3 ), 
is shown in Fig. 10. The resolution is 550 ps FV/HM. The time response of the SPAC 
was measured with a "Na source and two BaF? crystals in a back- to-hack geometry. 
One crystal was mounted on the SPAC and me other was read by a Philips P2020Q 
phobomultiplier fPM), providing a time cero signal. In this configuration mostly single 
photoelectrons are associated with each trigger cf the ?M. The time resolution measured 
in this configuration is 4.5 ns [ FV/HM] with 10 Terr CH 4 and 4.2 us (FWHM) with 33 
Torr C^H^, for single UV photons. 

3.2 Quantum efficiency of the Csl photocathode 

The quantum, efficiency of the 5? AC to Xe - 170 rum, and K: ; 150 r.rr.) UV radiation 
was measured with a spherical anode iv-s scintillation source, described in Ref. 28. The 
absolute QE of the Csl photocathode was calculated by calibrating the source photon flux, 
using two different methods: a) the SPAC was replaced by a Kamamatsu PM type R1460, 
having a LiF window and CsSb-PC. The producer supplies absolute gain curves and QE 
data over the range of 120-300 nm. b ; A small ionization ceil filled with TMAE vapor ac 
controlled temperature was mounted directly j:: the source. The UV light photcicnizes the 
TMAE in the volume between the cathode meshes of the TMAE ceil (17.6 mm wide) and 
induces measurable photo-current on the a node wires and cathodes. The source intensity 
was derived from the known photon mean free path 51 and che QE 31} of TMAE. A reference 
phctomultiplier continuously monitored the source relative intensity. More details of these 
measurements will be given in ref. 32. 

The Csl layer was prepared by vacuum evaporation onto a polished metallic surface, 
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: leaned by glow discharge pro: :o evaporation. The p h c t z c a : h c c e s -vera installed in the 
detector immediately after evaporation. Their :outaot with air was between 1—2 rnim 
which supposedly has only a minor effect or. ;he QE The detector was either im- 

mediately evacuated to a vacuum of the order of 10~~ Torr, or flushed with CH^ curing 
hours or days, prior to operation. There was no noticeable change in the QE during the 
pumping or flushing process, as opposed to the observation of the authors of ref. 33. Sev- 
eral photocathode substrates were tested: copper, stainless steel, alurninized copper and 
aluxninized stainless steel. The QE was found to be insensitive to the substrate material, 
although the aging of the photocathode was dependent on the quality and type of the 
surface 32 } . The following values of -he absolute quantum efficiency (QE) were measured 
with a SPAC, operating at 2G Torr CH 4 and with a 1 5 CO nm thick Csl photocathode: 

Xe light (A = 170 ami: QE = 10% = 2% 
Kr light r A = 150 nm): QE = 20% ± 4% 
The dependence of the quantum efficiency of the SPAC on the CK 4 operation pressure 
is shown in Fig. 11. There is a drop of about 2C7o in QE for atmospheric pressure relative 
to 20 Torr of CK^. Fig. 12 shows the dependence of the QE on photocathode thickness. 
Only a small variation is noticeable with a peal-: around 600 nm. 

It should be mentioned that our QE values are similar to those given by Hamaraatsu 3 ^ 
and by ref. 35i However, much .larger QE values were recently reported by the authors of 
ref. 33. The : orig:n of this discrepancy {a factor of 3-4) has net yet been clarified. Both 
groups use the same Csl material and employ the same deposition techniques. 

An important practical property of the Csl photocathode is its resistance under ex- 
posure to humid air and its survival under high doses of UV radiation. In addition, its 
operation inside a gaseous amplifier raises the question cf damage due to the bombard- 
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ment by hydrocarbon radicals. Fig. 13 ^hows the decay of the QE due to exposure of the 
photocathode to air. It is important to note that the decay time constant is 3t the order 

5 of an hour. However, since our mounting procedure involves an exposure to u: .-jf about 
1-2 min, Lt may weil be that 3ome damage, of unknown extent, has already been initiated. 
The aging of the Csi photocathode induced by the UV flux and the feedback of positive 

1 ° ions was studied by irradiating the SPAC through its CaF? window. Both the Xe U V-light 
iource and a low-pressure Hg/Ar lamp (ORIEL) were used. The rlg/Ar lamp can provide 
extremely high photon flux, of more than 10 13 photons /mm 2 s. The SPAC was operated 

75 

in different modes in order to control the flow of positive ions back-stre amin g onto the 
photocathode. Some examples are given here and more details can be found in references 
29 and 32. Fig. 14 shows the decay of the QE under an illumination of 10 A photons /mm 2 • 
a. The total detector gain in the two curves is constant but is differently distributed 
between the two amplification stages. As expected, a higher gain in the preamplihcation 

25 stage induces a faster decay of the photocathode, due to the positive ions feedback. In ng. 
15 curves a; and b) demonstrate the effect cf the gas pressure: for the same total ^ain a 
slower decay occurs at higher pressure. This is interpreted to be due to the lower velocity 

30 of molecular radicals in the gas. Comparing b) and c) in the same figure we see that an 
increase by a factor of ICQ in photon flux causes mors damage than an equal increase 
in gain of the p ^amplification stage. From the QE decay data at different operation 
conditions we can extract a typical "life- time" for the photocathode. For example, at 20 
Torr CH 4 , with a gain of 100 in the prearnplification stage (Fig. 15b), the photocathode 
decav3 to 509tj of its initial value after a total charge, measured at the 3econd stage, of 

40 

0.6 rnC, equivalent to a dcse of 10 i3 incident photons/mm 2 . In our GSC-SPAC detector 
each 60 keV X-ray photon induces about 10 photons/mm*. Therefore an effective Life-time 
^ of the photocathode is associated with a dcse of about 10 1 " X-rays under these operative 

conditions. 
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:arr:ed out a :lM panning Electron Microscope; study of the irradiated oho 
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tocathcdes, Li an attempt to ;oserve structural ami, using the secondary X-ray ermssicn, 
chemical changes involved :n :he various aging processes. There were no significant chem- 
ical changes observed in any of the samples. The photo .cat nodes which were exposed to 
air showed a change in structure in the form of crystallization, developed mainly along 
defects in the metallic backing. A shadowing effect with the topology cf the preamplinca- 
tion anode wires was observed on the phctocachode which was operated at hi eh gain in 
the first preampliflcaticn stage. Further aging studies are in progress. 



4. A Fast Imaging Device for Soft-to-hard X-rays. 

20 

The last application presented here is a fast X-ray imaging detector based on a solid 
foil convenor coupled to a L?MSC. This device may he used over a broad range cf X-rav 
25 _ energies by a proper chuico of rhr olu;r ch ;u hode material and thickness. Many applications 

can be envisioned such as X-ray microscopy, surface analysis with electron microbeams. 
X-ray diffraction in protein crystallography using intense Synchrotron Radiation Sources, 

30 

industrial radiography for safety and quality controls, study of time-resolved phenomena 
sucn as proteins in musc.es or plasm*, diagnostics involved in Ehermo-naclear fusion and 
35 X-ray detection m Transition Radiation detectors. 

The obvious advantages of a solid photocathode, as compared to gaseous conversion, 
are the production of para 11 a:;- free images and a fast response. The low-pressure operation 
mode cf the electron multiplier enables a high rate capability due to the low-charge density 
in the avalanche and fast ions removal. 

A stud]/ of X-ray induced electron emission from various metallic and insulator 
materials 36 ', indicates the advantages of materials like Csl and Cul which have a very 
high yield of secondary electrons in the energy range beiow 5 eV. The yield of secendarv 
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omission was found :o be .directly proportional to the absorption cross section. Lq partic- 
ular for X-ray photons of energy '^''-veen * j . d— 2 xeY mor a than one secondary electron is 
emitted per incident photon frcm a 1000 A chick Csl layer in ?. transmission .geometry. 
Based en these encouraging data we decided :o couple a thin transmission Csl phococath- 
ode to a low-pressure electron multiplier. Fig. 15 shows the structure of the detector. It 
consists of several. SO mm diameter, mesh electrodes mounted in a vacuum vessel. All 
the mesh frames and spp.cers are made of G-IO epoxy resin. A thin window, made of 100 
ptm Kapton was used. The photocathode is made of a. thin layer (400-2000 A) of Csl, 
vacuum deposited on commercial i.5;im thick aiurriinized mylar. The metallic substrate 
is imDcrtant for providing the potential to this electrode. The electrons emitted from 
the photocathode are immediately amplified in a 3 mm wide parallel gap, transferred and 
further amplified in a second parallel gap structure. A different configuration, in which 
the electrons emitted from the photocathode are first collected in a 3 mm drift region and 
only then transferred and amplified, was also tested. 

The detector was operated with 10-40 To it cf C 2 H^ or dimetnyiether (DME). Both 
gases provide high gain, up to 10 7 for single electrons, in a single parallel gap and in 
a double step amplification structure. However. DME provides 3, more stable operation 
with fewer secondary avalanches. Fig. 17 shows the amplification curve of a single gap 
with DME 9 0 Tr.rr iv^n operated with UV photons. The detector was tested with 6 
keV X-rays from 55 Fe source. Fig. IS shows the puiseheight spectrum obtained from the 
photocathode with and without the Csl layer. An electron yield due to the Ai layer is 
evident in a), and an enhancement of the yield due to the Csl layer is shown in b). Under 
the same conditions a spectrum induced by UY photons is given in c). The photocathode 
obviously yields several electrons for each absorbed X-ray photon. 
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The current from -he last anode of :he detector is shown in Fig. 19 as function of 
the voltage ca :*.r;ode; a pla.tcrau extends uve: x few hundred voho. The plateau region 

was used for :he measurement of :he QE of the Csl in :ur gaseous electron multiplier. 
For this purpose we calibrated our X-ray source with a Si L i detector of known geometry. 
The Csl layer of 480 A yielded a QE of 0.92%, for 90 day incidence angle of an X-ray 
beam. The absorption fraction of X-rays in this Csl layer is 1%. This demonstrates the 
high efficiency of the device for detecting the secondary electrons. In order to increase the 
detection efficiency a thicker Csl layer has to be used. A promising possibility is the use of 
a grazing incidence angle geometry (Fig, 20) which provides a larger absorption length for 
X-rays without increasing the actual thickness which may reduce electron extraction 37 ^. 

In the future we will study the QE of this photocathode, as well as other materials, 
under angular incidence, over a broad energy range. We will study the phctocathode 
25 stability under high nux r ad: a, t ion and will proceed with imaging and timing studies. 

5. Summary 

20 In this article we have discussed various applications of the low pressure muitistep 

gaseous electron multiplier, in the field of X-:ay spectroscopy and imaging. 

First attemocs to resolve ultrascft X-ravs bv counting sinzle electrons deocsited in 
lew-pressure gas yielded very satisfactory results. The energy resolution is close to that of 
GSC's and should be improved, according to our Monte- Carlo simulations, by the use of 
Penning mixtures with low Fano-factors. 

A large-surface imaging UV-photcn detector, combining a Csl phctocathode and a. 
wire chamber, provides an efficient 1 readout ^ GSC's, with fast timing and good localiza- 
tion properties for mid-energy X-rays. The Csl photocathode has a quantum efficiency of 
10% at 170 nm. Its stability v.- as systematically investigated. 

50 



35 



40 



45 



EP 0 450 571 A2 

The possibility to increase the QE of Csl photocathodes with adsorbed TMAE, re- 
ocrted recently by the a/athors of ref. 33. will be tested wir,h the G5C-5PAC, in an attempt, 
to further imorove enerzy and time resolution. It is an interesting development since it also 
seems to improve the stability of r.he photocathode in exposure :o air. An enhanced pho- 
tocathode life- time is expected if it is decoupled from the amplification stage by a low-field 
collection gap, and if the amplification is distributed among a multiplicity of successive 
elements, so as to reduce positive ion feedback : b ) . A quantitative study is needed to find 
a compromise with the timing properties of such a device. 

Our fast gaseous UV-i:nagmg photomultiplier may oe an ideai tool for the readout of 
solid scintillators (Bar-:, KMgF 3 33) and others) in particle physics, medical or industrial 
Dositrcn tomography and gamma radiography. Single photon impact: can oe localised 
with an accuracy of 0.2 mm (:WHM) 35 . Other possible applications are UV- astronomy ; 
plasma diagnostics and Cerenkov ring imaging. Different photocathodes, also for the visible 
spectrum, will be investigated for this purpose. 

A fast high rate imaging X-ray detector, based on a conversion foil coupied to a rnulti- 
steo avalanche multiplier, is being studied. It should provide a parallax-free high accuracy 
localization of X-rays over a broad energy range, with subnancseccnd time resolution (Sect. 
3.1). The stable^bperatinn wich DME at low-pressures, investigated in elms work, ensures 
a low detector aging,. The -fncient secondary-electron detection provides high counting ef- 
ficiencies for X-ray quanta converted in the photocathode foils. Systems combining several 
layers of detectors based on this principle are suited for applications m medical and indus- 
trial radiography and for high rate X-ray diffraction experiments at Synchroton P.adiatiou 
Accelerators. Such detectors enable the study of fast dynamical processes. 

We would like to thank Mrs. Y. Gil, Mr. J. Asher, Mr. M. Klin and Mr. L. Sapir 
fcr their valuable technics 1 assistance. This wcrk was partially supported by the Minerva 
foundation, Munich, Germany. 
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Figure Captious 

Fig. 1: A schematic view cf ;he primary ionization cluster counting (PICC) detector. 
Fig. 2: Digitized cluster r/ews induced by C-K 279 eV X-ray. Individual pulses cor- 
respond to single primary electrons. 8 Terr CNHs/Ar (SO/20). 
Fig. 3: An example of counting electron signals induced by a 279 eV X-ray at 7 Torr 

nf C 2 rLs. Ar ,30/20). 

a', a digitized pulse trail; the open circles represent pulses identified by the 
correlation method. 

b) The corresponding correlation function snowing the threshold employed to 
discriminate noise. 

Fig. 4: A distribution of the number of counted electrons in 300 events of 279 eV C- 
K X-ray photons. The FVvHM of the distribution is 45 Tut. 3 Torr C^Hs/Ar 
(SO/20;. 

Fig. 5: A Monte-Carlo simulation of the PICC method in the detector of Fig. 1. 

3.) Aa input distribution (5 CO events) of primary charges, based on the known 

X-ray ohoton energy, mean ionization energy and Fano factor. 

b; A simulated single X-ray event, in which 12 primary charges were injected 

and drifted alor.2; 20 cm in the ^as. We assumed seme diffusion coefficient 

t 

and used a /mown, single-electron pulse- height distribution and known rise; fail 
times of the si-gnal to generate the ''detected pulse trail". 

c\A correlation analysis of the pulse trail of 5b;, providing the "counted number 
cf electrons" 

d 1 A simulated "measured distribution" of counted primary charges tor 500 
X-rav events. 3v com oaring 5a) and 5d ; we can evaluate the efficiency and 
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sensitivity of the ?ICC me:hcc. 
Fig. 6: The GSC-5PAC detector. 

a) A general layout cf :he detector. 

b) A schematic view of the electrode structure and the operation mode. 

Fig. 7: An energy spectrum of an 241 Am source obtained with the GSC-SPAC detector. 

The resolution or the 50 keV peak is 4.1% FWHM. 
Fig. S: An image of a slit collimator located at 3 different positions in front of the 

GSC, irradiated with " 41 Am source. Intrinsic resolution: 1.3 rrim FWHM. 
Fig. 9: The time response of the SPAC to more than 10 simultaneous photoelectrons. 

Peak separation 4 as. The FWHM is 350 ps. 10 To it of CH 4 . HVl=-200V, 

HV2,4=0, HV3=^-4C0 Volts (see Fig. 5). 
Fig. 10: Same as Fig. 0 for 3 simultaneous photoelectrons. Peak separation 4ns. The 

FWHM is 650 ps. HV1=-4S0V.HV2 : 4=0, HV3= +490V. (see Fig. 6). 
Fig. 11: Variation of the QE of a 300 run thick Csl photocathode (Xe light) with CH 4 

pressure in the SPAC. 
Fig. 12: Variation of the QE of che Csl photocathode with thickness (Xe light). 
Fig. 13: The clecay of the Csl QE due to exposure to normal air. 

Fig. 14: The decay of the Csl QE due so photon flux and positive ion feedback, as a 
function of total charge accumulated on the second amplification stage. Total 
SPAC gain = 350, 10 Torr of CH 4 . Photon flux = 2x 10 8 ph/rmrr-s. 

a) Gain 1st stage: 1, 2nd stage: 350 

b) Gain 1st stage: 35C, 2nd stage: 1 

Fig. 15: The decay of the Csl QE due to photon flux and positive ion feedback, for 
different CH4 pressures and UV photon flux, as a function of total charge 
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accumulated en the second amplification stage. 

a) Flax higher than 3 x 10 11 ph/mrrr*3. GH 4 100 Terr. Gain 1st stage; 100, 
r 2nd ^tage: 1. 

b) Flux higher than 3 x 10 11 ph/rnrn 2 -3, CK* 20 Terr. Gain Isz stage: 100 T 2nd 
stage: 1. 

c) Flux higher than 3 :< 10 13 ph/mn'-s; CH 4 20 Torr. Gain 1st stage: 1, 2nd 
stage: 1. 

r5 Fig. 16: A schematic layout of the X-ray detector combining a conversion electrode and 

a low-pressure multistep electron multiplier (see text). 
Fig. 17: The amplification curve for single electrons in a single parallel gap. DMS, 
p=20 Torr. 

Fig. IS: A pulse height di3t;ribu:;ion obtained 7/iih 5.9 keV X-rays from a 55 Fe source in 
the detector of Fig. 16. 

a) A photocathode made of 1.5 ^rn alnminized mylar. 

b) A 400 A Csl layer evaporated onto the aiuminzed mylar. 

c) Same as b) with a UV light source instead of 5-9 keV X-rays flog scale). 
Fig. 19: Detection plateau in a t'A-o- stage amplification mode, in the (detector shown in 

Fig\ 16. DME, p=20 Torr. 
Fig. 20: A 3ingle tilted conversion foil X-ray detector arrangement. 
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'■3 Claims 



1. An X-ray d starter ;cmpr!'~:i 

a cnctccath;*^ ;;rranr;-;u ' ;<~'-iv ; X-<^y radiation 
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t^e^eto an output ot electrons: arc 

at east cne e.ectrcn muitipi.er ccerat/e 3: sucatm eocene pressure arc n rosccr-se :c the cutout 
or 3lec:rcr.s from the protccathcde :o err, 'oe an z-.-i-.arzr.e :cmprs;rc an 'ncreased number c* 
electrons. 

2. An X-ray detector comprising: 

a photccathode arranged to receive X-'ay 'aciaticn one ocmq operative to orovide in response 
thereto an output of electrons; and 

at ; east one muiti-stage electron multiplier ocerat:ve n -esconse to ;he output of electrons from the 
;o photccathode to provide an avaianche ccmcnsing an ncreased number of electrons. 

3. An X-ray detector according to claim 1 cr 2 and aisc comprising at '.east ore detecting means *cr 
detecting an incicaticn of at least one characteristic cf the electron avalanche orocuced by the electron 
mu*ip(ier. 

* 5 

4. An X-ray detector according to claim 1 or 2 arc -.vnerein 'he at ! east one eiectron multiplier comprises 
a: 'east one detecting means fcr detecting 30 indication cf at least ore characteristic of the e.ectror 
avalanche produced by the electron multipier. 

00 5. An X-ray detector according to claim 3 or claim 4 and wherein said detecting means comcrises photon 
detection means for detecting photons emitted during the electron avaianche. 

5. An X-ray detectcr acccraing to any cf the preceding claims ar.c wherein said detecting means 
comprises electron detection means 'or detecting the electrons produced by me electron avalanche, 

05 the electron detection means comprising a plurality cf pac etectrooe assemblies tor collecting the 

eectrens produced by the e ectron multiplier 

7. An X-ray detectcr according to any cf the preceding claims where n the phctocathode is generally 
planar and is configured and arranged to receive X-ray 'adiation impinging on both sides thereof. 

3C 

8. An X-ray detector assembly comprising: 

a gas filled enclosure; and 

a plurality of X-ray detectors located interiorly of the gas : illeo enclosure, each Individual cne of the 
plurality of X-ray detectors being according to any of me preceding claims 1-7. 

25 

9. An X-ray detecting method comprising the stecs cf: 

providing a photccathode arranged to receive X-ray radiation and oemg operative to provice r 
response thereto an output of electrons: and 

in response to the output of electrons from the pnotocathede. providing at sub-atmcspher:c 
•jo pressure an avalanche comprising an increased humber cf eiectrens. 

10. An X-ray medical diagnostic method cornensmg the steps of: 

rad ; ating a subject to be diagnosed witn X-ray radiation: anc 

employing an X-ray detector according :c any cf cairns 1 - 3 ; n order to perform radiogiachv 
•s detecting said X-ray radiation. 
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